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SECTION  I 
INTRODUCTION 

The  initial  planning  for  this  seminar  took  place  at  a  previous  meeting 
of  The  Electrical  Working  Group  of  The  Interagency  Advanced  Power  Group. 

That  planning  consisted  of  the  Aero  Propulsion  Laboratory  representative 
stating  "we'll  have  the  meeting  at  Wright-Patterson  AFB".  He  then  returned 
to  Wright-Patterson  and  informed  the  suddenly  responsible  people  that  "we're 
going  to  have  a  meeting”.  That  was  our  total  guidance. 

We  began  our  preparation  by  assessing  the  goals  of  our  rotating  mach¬ 
inery  programs.  Two  distinct  facts  became  vividly  clear:  we  were  not  very 
aware  of  recent  rotating  machinery  developments  outside  our  own  laboratory, 
and  rotating  machinery  development  programs  have  become  prohibitlnely  ex¬ 
pensive.  The  first  fact  set  the  tone  for  the  meeting,  it  would  be  a  seminar 
on  motors  and  generators.  The  second  fact  started  us  thinking  about  com¬ 
puter-aided-design,  and  the  associated  mathematical  developments.  Com¬ 
bining  the  two  topics  resulted  in  a  seminar  with  the  purpose  of  bringing 
together  personnel  from  industry,  government,  and  academia  to  informally 
discuss  the  latest  technological  advances  in  rotating  machinery  and  computer- 
aided-design  techniques  for  rotating  machinery.  Presentations  were  made, 
and  a  lot  of  discussion  generated,  in  the  following  areas:  generator  and 
motor  manufacturing  technology,  new  concepts  in  generator  and  motor  design, 
and  mathematical  modeling  of  rotating  machinery. 

It  was  hoped  that  a  significant  amount  of  "cross  fertilization"  would 
take  place.  There  is  a  lot  of  rotating  machinery  modeling  being  pursued  in 
academia,  however,  it  often  suffers  from  a  lack  of  the  fine  touch  of  reality. 
On  the  other  hand,  there  are  many  industrial  and  government  personnel  that 
arc  not  fully  aware  of  the  resources  available  within  academia.  Therefore, 
a  purpose  of  this  seminar  was  to  stimulate  discussions  among  the  three 
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entities.  We  feel  that  the  seminar  successfully  fulfilled  that  purpose. 

This  report  is  dividend  into  two  main  sections  containing  presentations 
made  during  the  two  separate  sessions  of  the  seminar.  Section  III  contains 
presentations  given  on  the  first  day  of  the  seminar.  These  presentations 
covered  new  concepts  in  generator  and  motor  manufacture.  Several  advanced 
design  concepts  such  as  superconducting  windings  and  permanent  magnet  ex¬ 
citation  were  covered.  Section  IV  contains  a  collection  of  presentations  on 
mathematical  modeling  of  rotating  machinery.  There  presentations  were  made 
on  the  second  day  of  the  seminar,  and  covered  topics  stich  as  generator 
modeling,  prediction  of  mechanical  stresses,  and  the  important  area  of  pre¬ 
dicting  machine  performance  based  upon  postulated  mathematical  models. 

A  cursory  comparison  of  the  seminar  agenda  with  the  Table  of  Contents 
shows  that  this  report  does  not  contain  all  the  presentations  that  were 
made  at  the  seminar.  A  formal  paper  was  not  required  for  this  seminar  since 
each  presentation  was  recorded.  A  transcript  of  the  presentation  was  sent 
to  each  presentor,  and  an  edited  version  of  the  transcript  with  figures 
requested  in  return.  For  various  reasons,  over  SO  percent  of  the  presenters 
never  returned  the  transcripts.  This  approach  was  subject  to  speculation 
at  the  time  it  was  conceived.  The  speculation  has  been  justified. 

Regardless  of  the  response  to  the  proceedings,  we  feel  that  the  seminar 
was  a  smashing  success.  It's  purpose  was  to  stimulate  discussion  on  an 
informal  basis,  and  it  succeeded  beyond  our  expectations.  We  sincerely  thank 
each  participant  and  hope  that  the  comaraderie,  mutual  respect,  and  communi¬ 
cation  exhibited  by  the  members  of  the  rotating  machinery  community  at  this 
seminar  continues  in  the  future. 


SECTION  II 


GENERATORS  AND  MOTORS  SEMINAR 
AGENDA 

Wednesday  (19  October  1977) 


Time  Topic 

8:00  a.m.  Registration  and  Meeting  of 
Today's  Presenters 

9:00  a.m.  Welcome 


9:15  a.m.  Seminar  Objectives  and 

Introductory  Remarks 


9:30  a.m.  Overview  of  Air  Force  High 
Power  R4D  Efforts 


9:50  a.m.  Navy  High  Power  R&D  Efforts: 

Program  Objectives 


10:10  a.m.  Navy  High  Power  R4D  Efforts: 

Hardware  Development 

10:30  a.m.  BREAK 

10:45  a.m.  Status  Report,  2.5  Megawatt 
(AMMS)  Generator 


11:05  a.m.  Army  Generator  R&D  Efforts 


11:25  a.m.  Pulsed  Homopolar  Generators 

11:45  a.m.  LUNCH 


Presenter 


(none) 


Col.  P.0.  Bouchard,  Commander 
Air  Force  Aero  Propulsion 
Laboratory  (AFAPL) 

Capt.  Hugh  L.  Southall 
Electrical  Engineer 
AFAPL 

Mr.  Richard  L.  Verga 
Technical  Area  Manager 
AFAPL 

Mr.  John  H.  Harrison 

David  W.  Taylor  Naval  Ship  R4D 

Center 

Mr.  Howard  0.  Stevens,  Jr. 
David  W.  Taylor  Naval  Ship  R&D 
Center 


Mr.  A. E.  King 

Westinghouse  Electric  Corp. 
Aerospace  Electrical  Division 

Dr.  A.L.  Jokl 

U.S.  Army  Mobility  Equipment 
R4D  Command 

Mr.  BUI  Weldon 
University  of  Texas 
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Time 

Topic 

Presenter 

1:00 

p.  m. 

Rare  Earth  Permanent  Magnet 

Motors  and  Generators 

Mr.  Sam  Noodleman 

Kollmorgan  Corp. 

Inland  Motor  Division 

1:20 

p.m. 

Permanent  Magnet  Generators 

Dr.  Eike  Richter 

General  Electric  Corporate 

R&D  Center 

1:40 

p.m. 

Permanent  Magnet  Motors  and 
Generators 

Mr.  E.  F.  Echolds 

AiResearch  Manufacturing  Co. 
of  California 

2:00 

p.m. 

SEGMAG  Generator 

Dr.  David  Greene 

Westlnghouse  R&D  Center 

2:20 

p.m. 

Battery  Driven  Motors  for 

Undersea  Propulsion 

Mr.  Leopold  J.  Johnson 

Naval  Ocean  Systems  Center 

2:40 

p.m. 

BREAK 

3:00 

p.m. 

Superconducting  Generator 

Development 

Mr.  Bruce  B.  Gamble 

General  Electric  Corporate 

R4D  Center 

3:20 

p.m. 

Status  Report,  Superconducting 
Generator 

Mr.  J.L.  McCabria 

Westlnghouse  Electric  Corp. 
Aerospace  Electrical  Division 

3:40 

p.m. 

Brushless  DC  Motors 

Mr.  Milton  S.  Isaackson 
Nu-Tech  Industries,  Inc. 

4:00 

p.m. 

GOVERNMENT  AGENCIES  CLOSED  SESSION 

All  university  and  Industrial  participants  are  invited  to  make  short 
(10  minutes  maximum)  presentations  of  new,  proprietary  R4D  work  to  represen¬ 
tatives  of  only  the  Government  agencies.  Actual  scheduling  will  be  accom¬ 
plished  on  the  first  day  of  the  meeting. 

At  the  conclusion  of  these  presentations,  the  Electrical  Working  Group 
of  the  Interagency  Advanced  Power  Group  (IAPG)  will  hold  a  brief  business 
meeting  covering  the  following  three  items: 


ITE>K 


1,  Review  and  Approval  of  the  Minutes  of  the  24  March  1977  Meeting  of  the 
Electrical  Working  Group  (PIC-ELE  3/15). 


2.  Other  Business 


3.  Date,  Place,  Time  and  Agenda  Items  for  the  Next  Electrical  Working  Gro 


Meet  In 


Thursday  (20  October  1977) 


Meeting  of  Today's  Presenters 


Capt  F.  Brockhurst 
AFAPL 


Opening  Remarks 


Dr.  Elke  Richter 
General  Electric  Corporate 
R&D  Center 


Modeling  In  Design 


Mr.  W.J.  Shilling 
Mr.  H.J.  Braun 
Westlnghouse  Electric  Corp. 
Aerospace  Electrical  Division 


Evolution  of  Electrical  Machine 
Design  Models 


Dr.  At if  Debs 

Georgia  Institute  of  Technology 


Parameter  Identification 


Dr.  Owen  Tan 

Louisiana  State  University 


Parameter  Identification 


Mr.  Timothy  J.  Doyle 

David  W.  Taylor  Naval  Ship  RAD 

Center 


Projecting  Future  Uses  of 
Modeling 


BREAK 


Dr.  N.A.  Demerdash 

Virginia  Polytechnic  Institute 

and  State  University 


Dynamic  Analysis  of  Electrical 
Machines  Including  Magnetic 
Nonl inearities 


Time  Topic 

11:05  a.m.  Finite  Element  Modeling 

11:25  a.m.  Finite  Element  Analysis 


11:45  a.m.  LUNCH 

1:00  p.m.  Superconducting  Generator  Damper 

Shields  -  Modeling  of  Flux 
Diffusion  and  Time  Constants 

1:20  p.m.  Superconducting  Generator  Damper 
Shields  -  Mechanical  Forces 


1:40  p.m.  Computer  Simulation 


2:00  p.m.  State  Variable  Modeling  and 
Transient  Behaviour 

2:20  p.m.  A  Comparison  of  Generator  Models 


2:40  p.m.  BREAK 

2:50  p.m.  Solid  State  Device  Models  and 

Hybrid  Simulation 

3:10  p.m.  Modeling  of  Superconducting 

Generators  with  Rectified 
Output 

3:30  p.m.  U.S.  Air  Force  Modeling 
Requirements 


Presenter 

Dr.  M.V.K.  Chari 
General  Electric  Corporate 
RAD  Center 

Dr.  William  Lord 
Colorado  State  University 


Dr.  J.H.  Parker,  Jr. 
Westlnghouse  Research  and 
Development  Center 

Mr.  J.L.  McCabrla 
Westlnghouse  Electric  Corp. 
Aerospace  Electrical  Division 

Dr.  C.H.  Lee 

AiResearch  Manufacturing  Co. 
of  California 

Dr.  D.P.  Weir 

Mississippi  State  University 

Mr.  Dave  Brown 
Purdue  University 


Dr.  Charles  Slivinsky 
University  of  Missouri-Columbia 

Dr.  Thomas  A.  Stuart 
University  of  Toledo 


Capt.  Hugh  L.  Southall 
AFAPL 
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SECTION  III 


NEW  GENERATOR  DESIGN  CONCEPTS  PRESENTATIONS 


AIR  FORCE  SUPERCONDUCTING  GENERATOR  DEVELOPMENT  PROGRAM 

J.L.  McCABRIA 

WESTINGHOUSE  ELECTRIC  CORPORATION 
OCTOBER,  1977 


In  1971,  the  U.S.  Air  Force  initiated  a  program  directed  toward  the  development 
of  a  high-speed  generator  with  a  superconducting  rotating  field  winding.  This 
new  class  of  generator  offers  outstanding  features  for  special  high  power, 
airborne  applications . 

Firstly,  the  machine  is  small  and  can  be  directly  coupled  to  a  high  speed  turbine. 
Secondly,  it  can  be  designed  for  a  large  rating  and  a  high  voltage  without  becoming 
excessively  heavy.  Also,  the  need  for  an  equally  heavy  high  power  transformer  is 
eliminated. 

The  first  phaso  effort  was  successfully  concluded  in  January,  1974,  with  the  test¬ 
ing  of  a  prototype  rotor.  This  rotor  was  cooled  down  to  a  superconducting  state 
and  tests  were  conducted  up  to  13,200  rpm. 

The  second  phase  of  the  program  was  completed  in  April,  1977.  An  1100  pound, 

5000  kVA  prototype  generator  was  designed  and  constructed.  Static  tests  performed 
on  the  stator  and  superconducting  field  winding  have  fulfilled  our  expectations 
and  indicate  the  machine  will  be  capable  of  generating  7700  kVA  at  3800  volts  and 
12,000  rpm. 

Room  temperature  spin-ups  to  12,000  rpm.  were  completed  and  cool-down  to  liquid 
helium  temperature  (4.2  degrees  Kelvin)  was  initiated  in  June.  This  test  was 
terminated  due  to  a  loss  of  vacuum  within  the  rotor.  Subsequently,  a  small  cold- 
leak  within  the  rotor  internal  structure  was  found.  A  repair  procedure  was  ap¬ 
proved  by  the  Air  Force  and  this  work  is  underway  at  the  present  time.  It  is 
anticipated  that  the  superconducting  rotational  tests  will  be  completed  early  in 
1978. 
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PROTOTYPE  GENERATOR 


Figure  (l)  is  a  cross-section  of  the  generator  under  construction  and  Table  I 
presents  the  dimensions  of  this  generator  and  the  electrical  parameters  for  a  5 
MVA,  5000  volt  rating. 

The  armature  winding  is  composed  of  twelve  identical  coils.  Each  coil  con¬ 
tains  twenty-four,  series  connected  turns  which  form  a  phase  group  for  one  pole. 

The  winding  has  two  parallel  circuits;  thus,  each  conductor  carries  one-half  of 
the  phase  current  and  each  phase  group  for  one  pole  generates  one-half  of  the 
phase  voltage.  A  conductor  consists  of  a  3  x  6  array  of  rectangular  strands.  The 
rectangular  strands  were  formed  from  16  gauge  round  wire.  PYPE  ML  with  a  poly- 
sulfone  overcoating  was  used  for  Insulation  on  the  strands. 

The  coils  were  made  by  winding  simultaneously  three  strands  in  a  fixture  that 
contained  eight  slots  for  the  upper  side  of  the  coll,  eight  slots  for  the  lower  side, 
and  pins  to  form  the  hair  pin  turns.  This  step  was  repeated  until  eighteen  layers 
(three  conductors)  wore  placed  in  the  slots.  A  .25  x  4.5  mm  ribbon  of  insulation 
was  placed  between  the  6th  and  7th  layers  and  between  the  12th  and  13th  layers 
of  strands  to  separate  adjacent  conductors.  After  the  strands  were  clamped  in  the 
winding  fixture,  the  coil  was  spread  to  17/24  coil  pitch.  Subsequently,  the  fixture 
and  coil  were  placed  in  an  oven  and  heated  to  a  sufficient  temperature  to  melt  the 
polysuLfone  overcoating  on  the  strands  and  the  ribbon  separators.  After  removal 
from  the  fixture,  the  conductors  in  the  coll  were  in  a  rigid,  bonded  state  as  shown 
in  Figure  (2)  and  the  coll  as  a  unit  could  be  handled  easily.  A  2000  volt  conductor  - 
to-conductor  dielectric  test  was  performed  on  the  coils  before  the  3  groups  of  16 
conductors  were  connected  in  series. 

The  armature  was  assembled  by  laying  the  coils  around  the  bore  seal.  "U" 
channels  and  wedge  shaped  sections  of  insulation,  shown  in  Figure  (3),  were 
placed  between  the  conductors  to  provide  mechanical  support  against  machine 
torque.  The  "U"  channels  kept  the  epoxy  paste,  which  was  applied  to  the  surfaces 
of  the  bore  seal  and  wedges,  away  from  the  conductors  to  insure  oil  flow  through 
this  monolithic  structure.  After  the  colls  were  placed,  temporary  bands  were 
located  around  the  structure  and  it  was  heated  to  cure  the  epoxy  cement.  Later, 
the  exterior  portion  of  the  coil  and  wedges  was  wound  with  a  glass-epoxy  roving 
and  then  the  entire  structure  was  cured  to  form  a  rigid  structure  which  was  machined 
to  mate  with  the  iron  shield.  Phase -to-phase  dielectric  tests  were  performed  at 
11  kV  (60  Hz)  for  30  seconds  with  the  armature  submerged  in  transformer  oil. 

The  ends  of  the  coils,  which  produce  the  cross-overs  to  adjacent  poles,  were 
formed  without  curvature  between  the  bend  lines.  Therefore,  the  knuckles  at  the 
ends  of  the  conductors  had  a  much  greater  envelope  (39.6  cm  diameter)  than  the 
center  portion  (35.9  cm  diameter)  of  the  coils.  An  extra  large  bore  for  the  shield 
would  have  been  required  if  the  shield  were  installed  over  one  end  of  the  winding. 
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TABLE  I 

DIMENSIONS  AND  DATA  TOR  GENERATOR 


Haim. 

Output 

5  MVA 

Dimensions  ol  Rotor  (cm) 

Rotor  Outer  Diameter 

24.69 

Voltage 

5  kV 

lnnor  Diameter  of  Outer  Shell 

24.23 

Voltage  Regulation 

9.27% 

Outer  Diameter  of  Wrapping  on 

24.03 

Power  factor 

.95 

Copper  in  E/T  Shield 

frequency 

400  Hz 

Thickness  of  Copper  in  Shield 

.15 

Phases 

3  CY) 

Inner  Diameter  of  Shield 

23.06 

Speed,  r/min. 

12,000 

Containment  Vessel  O.D. 

22.86 

LP«i  Vniil 

Outer  Diameter  of  field  Winding 
Straight  Length  ol  Winding 

20.32 

24.64 

Synchronous  (full  Load) 
Transient 

.208 

.228 

Overall  Length  of  Winding 

Bearing  to  Bearing  Length 

37.59 

75.69 

Subtransient 

.098 

wnriiaa. 


Number  Tums/Phaso 
Number  of  Parallel  Path* 
Number  ol  Conductors 
Strands  per  Conductor 
Strand  Sue.  mm 
Sue  o(  Conductors .  cm 
Copper  Cunrent  Density,  A/m^ 

WutK  Jiff 

Armature  I^R 
Eddy-Currents,  Armature 
Iron  Shield 
Total 

Percent  of  Output 

Dimensions  ol  Stator,  cm 

Bore  Seal  Inner  Diameter 
Inner  Diameter  of  Conductors 
Outer  Diameter  of  Conductors 
End  Turns 
Center  of  Machine 
Inner  Diameter  of  Iron  Shield 
Outer  Diameter  of  Iron  Shield 
Alter  Diameter  of  frame  (Max) 
Length  of  Iron  Shield 
length  of  Cylindrical  frame 
length  of  Bore  Seal 
Overall  Length  of  Stator 


48 

2 

576 

18 

.111  x  .155 
.685  x  .500 
16,210 


29.4 
63.0 
8.1 
100. S 
2.0 


25.20 

26.21 

39.58 

35.27 

36.30 

45.36 

48.26 

39.11 

67.92 

72.39 

74.68 
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Conductor  Sue,  cm 
Number  of  filaments 
filament  Diameter,  nm 
Twist  Pitch,  cm 

Cu  :  Sc 

Critical  Current 
field  Self  Inductance 
field  Current 
Number  field  Tuma/Pole 

Weights  (Poundi) 

Stator 

Copper  in  Windings 
Electrical  Connections 
Insulation 

Stator  Shield  (Silicon  Steel) 
Trame  Cylindrical 
Mam  Bearings 
Bearing  Support  End  Plates 
Housing.  Seals,  and  Brushes 


Total 


frotor 

Superconductor 
field  Winding  Supports 
Auxiliary  Heat  Exchanger 
Rotor  Containment 
Damper  Shield 
Torque  Tubes 
Ambient  Shell 
Shafts 


Sgntritgf 


Total 


.094  x  .14 
500 
.36 
.84 
2  :  1 
830A 
1 . 22H 
228 
1.220 


166 


102 

325 

30 

12 

22 

695 


75 

30 

10 

67 

48 

6 

22 

Jii 

320 

1015 


OUTER 
WRA  PPING 


-WEDGES 


COIL  CHANNELS 


Since  the  extra  large  bore  would  decrease  the  permeability  of  the  magnetic 
circuits,  the  shield  was  constructed  from  laminated  rings  with  separate  halves. 
These  rings  were  bonded  to  the  winding  assembly  and  were  welded  together  on 
their  outer  surface  to  form  a  unibody  structure  which  was  subsequently  machined 
to  mate  with  the  aluminum  frames.  The  aluminum  frames  were  pressed  onto  the 
shield,  pinned  and  wrapped  with  an  epoxy-glass  roving  to  make  an  oil  tight  con¬ 
tainer. 

The  shield  is  cooled  by  circulation  of  transformer  oil  around  it.  At  the  center 
of  this  shield  the  oil  enters  a  manifold  and  is  diverted  into  the  winding.  At  this 
point  it  passes  through  the  interstices  within  the  conductors  and  between  the  con¬ 
ductors  and  the  walls  of  the  "U"  channels.  The  heat  transfer  mechanism  from  the 
shield  and  conductors  is  purely  laminar  conduction  with  a  uniform  heat  flux  along 
the  flow  path.  The  heat  transfer  coefficient  between  the  conductors  and  the  oil 
is  a  strong  function  of  the  width  of  the  oil  path.  Therefore,  baffles  as  shown  in 
Figure  (4)  were  placed  within  the  array  of  conductors  at  the  ends  of  the  coils  to 
decrease  the  width  of  the  oil  gap  and  increase  the  heat  transfer  coefficient. 

Thermocouples  were  placed  on  the  conductors  during  the  fabrication  of  the 
stator  and  thermal  tests  were  performed  with  a  dc  power  supply  connected  to  two 
of  the  three  phase  terminals  as  shown  in  Figure  (5) .  The  results  from  these  tests 
fulfilled  our  expectation  from  the  standpoints  of  oil  circulation  and  cooling.  Cur¬ 
rents  up  to  1156A  (equivalent  to  a  10  MW  phase  current)  were  applied  to  each  phase. 
A  38  psi  differential  pressure  across  the  manifolds  produced  an  oil  flow  of  78  and 
90  gpm  with  an  oil  temperature  (inlet)  of  120°  and  150° F,  respectively.  The  temp¬ 
erature  data  was  correlated  with  the  power  density  (watts  cm -3)  in  the  conductor 
at  different  regions  of  the  winding.  From  these  correlations,  the  "hot-spot"  under 
actual  operating  conditions  was  determined.  The  hot-spot  occurs  at  the  bore  of 
the  winding  where  the  conductor  is  subjected  to  the  maximum  eddy  current  heating 
by  virtue  of  the  rotating  magnetic  field.  With  an  oil  temperature  of  130° F,  the  mean 
temperature  of  the  conductor  adjacent  to  the  bore  seal  will  be  **  231° F.  However, 
non-uniform  flow  through  the  conductor  channels  may  produce  local  hot-spot  temp¬ 
erature  of  300° F. 

Rotor 

The  coils  were  wound  in  a  fixture  which  controlled  the  height  of  each  layer  of 
turns.  The  number  of  turns  in  the  layers  was  varied  to  obtain  the  step  arrangement 
shown  in  Figure  (6).  A  series  of  spacers  (.76  x  19  mm)  were  placed  between  ad¬ 
jacent  layers  in  each  step  to  provide  a  (.76  x  6  mm)  passage  for  helium.  After  com¬ 
pletion  of  the  winding  operation,  the  coil  and  fixture  were  heated  to  the  melting 
point  of  the  polysulfone  overcoating  on  the  wire.  This  operation  produced  a  bonded 
coil  which  could  be  handled  easily. 
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All  four  coils  were  mounted  on  the  rotor  core  and  encased  in  structures  that 
contained  the  counter  form  of  the  coils  as  shown  in  Figure  (7).  This  assembly 
was  tested  in  a  bath  of  liquid  helium  at  4.2K  and  3.4K  at  the  sweep  rates  up  to 
144  Amp. /Min. 

The  maximum  current  capability  for  this  superconducting  wire  in  this  four- 
coil  configuration  is  410A  based  upon  the  performance  of  short  samples  of  the 
wire.  The  observed  currents  for  normalization  were  60%  of  the  projected 
capability.  This  premature  normalization  was  attributed  to  conductor  movement. 
The  movement  was  apparently  quite  rapid  since  normalization  appeared  to  be 
relatively  insensitive  to  sweep  rate. 

Following  the  cold  tests,  closure  welds  were  made  on  the  casing  and  the 
exterior  surfaces  were  machined  for  a  .508  mm  shrink  fit  with  a  heavywall,  con¬ 
tainment  cylinder.  Both  ends  of  the  cylinder  were  connected  to  the  warm  struc¬ 
ture  by  way  of  duplicate,  vapor-cooled  transition  tubes.  An  electro-thermal 
shield  was  mechanically  and  thermally  connected  to  the  transition  tubes  at  a 
station  which  provides  an  intermediate  temperature  for  interception  of  the  losses 
in  this  shield. 

The  outer  shell  forms  a  vacuum  Jacket  around  the  cold  inner  structures  and 
accommodates  the  thermal  contraction  of  these  structures  through  flexible  end- 
members  . 

Cryogenic  Instrumentation 

Internal  thermometers  were  incorporated  into  the  rotor  during  its  assembly. 
These  thermometers  are  ordinary  1/10W  Allen-Bradly  carbon  resistors  which  were 
calibrated  between  3  -  100° K  using  a  calibrated  Ge  thermometer.  Each  thermo¬ 
meter  was  housed  in  a  Cu  support  sleeve  and  was  designed  to  fit  within  a  0.125 
diameter  hole.  The  Teflon  Insulated  voltage  and  current  leads  were  sufficiently 
long  to  reach  outside  the  rotor.  The  leads  were  fed  through  special  tubes  to 
hermetically  sealed  connectors  located  in  the  drive  coupling.  These  leads  shall 
be  passed  through  a  bored  hole  in  the  gear  box  drive  shaft  to  high  speed  instru¬ 
mentation  slip  rings.  Internal  thermometer  leads  penetrated  both  the  vacuum  and 
He  space  through  conduits  to  ascertain  the  temperature  of  the  centerline  inlet 
helium,  the  radial  distribution  across  the  superconducting  coils,  and  the  electro¬ 
thermal  shield. 

Capability  of  Generator 

The  projected  capability  of  the  generator  can  be  described  with  the  aid  of 
Figure  (8).  Output  voltage  is  present  as  a  function  of  the  output  power  (MVA) . 
Constant  values  of  field  current  and  phase  current  are  shown  as  arbitrary  para¬ 
meters.  A  field  current  of  245A  was  achieved  during  the  static  cold  tests  and  the 
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armature  winding  was  subjected  to  a  dc  phase  current  of  1154A.  With  these 
parameters  as  upper  limits,  the  rating  of  the  generator  becomes  9.5  MVA  at 
4.76  kV.  However,  this  is  not  a  valid  continuous  rating  for  the  generator  since 
the  static  test  on  the  stator  did  not  reflect  the  eddy  current  heating  of  the  arma¬ 
ture  conductors .  The  shaded  area  on  Figure  (8)  shows  the  impact  of  the  eddy 
current  heating.  A  realistic  maximum  rating  at  12,000  rpm  is  7.7  MVA  at  3.8  kV 
with  a  field  current  of  ^  200A.  In  prejudgment,  eddy  current  heating  has  a 
greater  impact  than  premature  normalization  of  the  field  winding  since  a  245A 
field  current  fulfills  the  needs  of  this  generator  with  this  amount  of  eddy  current 
loss. 

Reduction  of  the  eddy  current  heating  can  be  easily  accomplished  by  de¬ 
creasing  the  size  of  the  strands  in  the  conductor. 

Generator  Tests 

Low  power  tests  on  the  generator  will  follow  directly  after  the  construction 
is  complete.  These  tests  will  include: 

.  Demonstration  of  design  open  circuit  voltages. 

.  Demonstration  of  design  armature  current  under  steady-state  three-phase 
short  circuit. 

.  Sudden  three-phase  short  circuit  at  reduced  excitation  to  yield  machine 
reactances  and  time  constants. 

.  Determine  electromagnetic  shield  performance  under  load  unbalance  at 
reduced  excitation. 

.  Determine  electromagnetic  shield  performance  with  short  circuit  rectified 
load  at  reduced  excitation. 

.  Complete  cryogenic  characterization  of  the  rotor  during  the  above  tests. 

The  main  purpose  of  the  rectified  load  test  is  to  obtain  information  on  shield 
heating  in  anticipation  of  future  machine  requirements. 

While  there  is  at  present  no  scheduled  commitment  to  a  full-power  test,  it  is 
the  intent  of  the  Air  Forece  to  have  such  a  test  carried  out  sometime  in  the  near 
future. 
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RARE  EARTH  PERMANENT  MAGNET  MOTORS  AND  GENERATORS 


Sam  Noodleman 
Inland  Motor  Division, 

Kollmorgen  Corporation 

In  1972,  a  visit  was  made  to  Wright  Field  to  discuss 
with  engineers  in  the  Materials  Lab  their  developments  in 
rare-earth  cobalt  magnets.  These  developments  sponsored  by 
the  Defense  Department  were  directed  to  improving  the  pro¬ 
perties  of  permanent  magnets  so  as  to  provide  higher  fields 
and  lighter  weight  components  for  traveling  wave  tube  ap¬ 
plications.  The  magnetic  properties  of  Sm  Co^  materials  at 
that  time  had  relatively  very  high  coercive  force  compared 
to  permanent  magnets  used  in  motors,  but  low  induction 
compared  to  the  alnico  materials  which  were  the  materials 
being  used  in  Inland  motors.  Our  evaluation  of  these  materials 
and  their  cost  indicated  no  possibility  of  using  them  for  motors 
and  generators  for  general  purpose  use.  However,  in  looking 
further  the  new  materials  had  some  very  attractive  features  and, 
because  they  could  develop  maximum  energy  levels  that  were  very 
high  in  relation  to  magnet  materials  in  use  at  that  time,  a 
program  was  started  to  study  motors  incorporating  rare-earth 
cobalt  magnets. 

As  a  result  of  these  studies  it  did  appear  that  if  these 
materials  were  to  be  used  for  permanent  magnet  motors  new  motor 
concepts  would  be  required.  In  other  words,  the  new  motor  con- 


figurations  would  require  a  design  which  would  allow  the  use 
of  the  minimum  quantity  of  these  materials  since  they  were 
very  expensive,  and  these  designs  would  require  new  concepts 
different  from  the  configurations  used  in  the  alnico  motor 
designs.  When  we  first  started  using  Sm  Co5  materials  the 
maximum  energy  product  available  at  that  time  was  15  x  10^ 
gauss  oersteds.  At  the  present  time,  all  our  designs  use 
materials  having  maximum  energy  products  of  18  x  10^  gauss 
oersteds  and  some  of  the  latest  motors  in  production  use  rare- 
earth  cobalt  materials  having  a  maximum  energy  product  of 
26  x  10^  gauss  oersteds. 

The  discussion  today  will  cover  two  developments,  one 
in  motors  and  one  in  generators,  to  illustrate  how  rare-earth 
magnets  are  used  in  these  types  of  products.  A  motor  con¬ 
figuration  which  permits  optimum  use  of  the  magnet  material 
and  provides  improved  motor  performance  is  the  inside-out  type 
of  construction.  This  configuration  usee  the  magnets  in  the 
rotor  or  inside  member  for  the  rotating  magnet  structure  and 
the  windings  are  in  the  stator  or  stationary  member.  A  major 
problem  is  how  to  best  commutate  the  winding  with  this  con¬ 
struction  so  as  to  develop  the  necessary  rotating  field. 
Considerable  development  and  evaluation  were  necessary  to 
produce  a  practical  method  that  would  provide  suitable  commutation 
for  this  concept. 


Figure  1  shows  the  cut-away  of  an  experimental  rotor  for 
one  of  the  Industrial  Drive  motors  using  rare-earth  cobalt 
magnets.  The  magnets  are  the  rectangular  blocks,  and  the  light 
area  shows  the  cast  aluminum  which  holds  the  magnets  and  the 
steel  pole  piece  laminations  together.  It  took  considerable 
development  to  learn  how  to  cast  the  rare-earth  magnet  materials 
into  a  structure  and  to  magnetize  the  multipolar  structure  to 
properly  utilize  the  magnet  materials. 

Figure  2  shows  the  finished  cast  rotor  as  manufactured  in 
volume  production.  The  aluminum  rings  serve  to  hold  the  magnets 
as  shown.  The  magnets  are  also  entrapped  by  the  laminated  pole 
pieces  which  help  to  secure  the  magnets  in  place. 

Figure  3  illustrates  a  production  wound  stator  showing  the 
commutator  structure  for  this  particular  type  of  inside-out 
motor.  Brushes  contact  the  face-type  commutator  receiving  their 
electrical  energy  from  other  brushes  connected  by  pigtails  which 
ride  against  slip  rings  providing  a  very  compact  structure.  The 
basic  electric  power  is  applied  to  the  stationary  slip  rings 
which  transfer  the  energy  to  the  rotating  brush  assembly  feeding 
into  the  commutator  to  provide  the  commutation  to  the  stationary 
windings.  One  of  the  major  advantages  of  an  inside-out  type 
structure  is  that  the  windings  are  in  the  outside  structure  and 
can  better  dissipate  the  heat.  The  stator  housing  is  also  cast 
in  aluminum  with  external  fins  so  as  to  better  dissipate  the  heat. 
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The  inside-out  construction  provides  about  an  80%  improvement 
in  continuous  torque  rating  for  the  same  size  over  motors  of 
conventional  construction. 

Figure  4  shows  the  assembled  production  motor.  This 
motor  develops  about  82  lb. ft.  peak  torque  and  weighs  80  lbs. 

It  has  a  continuous  torque  rating  of  18  lb. ft.  and  a  maximum 
acceleration  of  7500  rad/sec^.  The  motor  which  it  replaced 
in  alnico  design  weighed  75  pounds  and  developed  45  lb. ft. 
peak  torque,  slightly  more  than  half  of  the  present  torque 
rating  and  had  a  10  ft. lb.  continuous  torque  rating  and  a 
maximum  acceleration  of  4500  rad/sec.  The  new  line  of  motors 
out-performs  the  old  alnico  line  in  every  respect.  This  line 
of  motors  in  present  production  using  rare-earth  cobalt  magnet 
materials  started  from  a  visit  to  Wright  Field  in  1972. 

A  different  type  product  which  could  only  be  developed 
with  rare-earth  cobalt  magnets  is  an  alternator  having  very 
high  efficiencies  over  95%,  with  an  output  rating  of  640  watts 
at  2000  R.P.M.  Because  of  its  very  high  efficiency  the  tests 
at  its  continuous  rating  showed  a  temperature  rise  on  the 
windings  of  only  11°C. 

While  customer  requirements  had  specified  alternator 
operation  at  2000  R.P.M.  tests  were  made  at  much  higher  speeds. 
Tests  were  also  made  at  loads  which  would  allow  the  windings 
to  be  worked  up  to  their  maximum  continuous  rating. 


Figure  5  shows  the  plot  of  efficiency  versus  output  at 
3000  R.P.M.  for  this  alternator  at  outputs  up  to  5  kilowatts. 

The  efficiency  exceeds  90%  from  about  300  watts  to  almost 
4600  watts. 

Figure  6  shows  the  stator  and  rotor  construction  of 
this  alternator  and  Figure  7  its  overall  dimensions. 

Figure  8  shows  the  rotor  construction.  By  using  a  non¬ 
magnetic  band  over  the  rotor  speeds  considerably  higher  than 
3000  R.P.M.  could  be  achieved  providing  proportionally  higher 
outputs . 

The  use  of  rare-earth  cobalt  magnets  for  d.  c.  motors 
became  practical  when  methods  were  developed  for  assembling 
these  materials  into  multipolar  structures  and  the  techniques 
were  developed  for  magnetizing  these  structures  in  situ.  New 
products  are  also  being  produced  utilizing  the  improved  magnetic 
properties  of  these  cobalt  rare-earth  materials  as  they  are 
made  available  for  production.  First  prototype  used  materials 
having  maximum  energy  products  of  15  x  10^  gauss  oersteds. 

Most  production  motors  now  use  18  x  106  gauss  oersted  material 
with  some  production  motors  using  samarium-praseodymium  cobalt 
material  having  a  maximum  energy  product  of  26  x  10^  gauss 
oersteds.  New  prototypes  are  presently  being  developed  using 
materials  having  a  maximum  energy  product  of  30  x  106  gauss 
oersteds . 
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The  materials  can  provide  electromagnetic  devices 
with  the  capability  of  improved  performance  in  minimum  size 
and  weight  which  are  not  achievable  by  any  other  means, 
particularly  for  motors  in  ratings  of  25  horsepower  or  less. 

QUESTION  PERIOD 

Question :  Please  discuss  the  reliability  of  the  pro¬ 

perties  of  the  higher  energy  rare-earth  cobalt  materials. 

Answer ;  Are  you  talking  now  about  26  x  10®  or  30  x  106 

materials? 

Question :  Either  materials. 

Answer ;  Well,  we  are  just  starting  production  on  motors 

using  26  x  10®  material  and  we  will  be  setting  up  incoming  in¬ 
spection  to  check  the  repeatability  of  these  materials.  The 
design  of  these  motors  allowed  for  more  tolerance  in  the  magnetic 
properties  and  we  do  expect  that  there  will  be  some  variation  in 
the  B-H  characteristics  of  the  material. 

Question :  What  are  the  induction  values? 

Answer :  Well,  the  Br  values  of  the  present  26  x  106 

material  is  about  10  to  10.5  kilogauss. 

Question :  Are  you  getting  these  kinds  of  flux  density 

in  the  air  gap? 

Answer ;  No.  That  is  the  Br  value.  We  operate  at  a 

slope  of  about  6  or  7,  so  we  are  probably  getting  a  Bj  of  about 
6.5  to  9  kilogauss. 
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Question:  Could  you  compare  rare-earth  designs  with 


alnico  designs? 


Answer: 


Initially,  we  evaluated  a  number  of  designs 


and  determined  that  for  a  comparable  performance  about  one- 
fifth  the  volume  of  rare-earth  cobalt  materials  as  alnico 
material  was  required.  At  that  time  alnico  material  was  selling 
for  about  $5.00  to  $5.50  a  pound.  Consequently,  to  keep  magnet 
costs  comparable  in  productiot  it  was  desired  that  we  obtain 
this  material  for  about  $26  a  pound.  We  presently  obtain  rare- 
earth  magnets  from  between  $26  to  $40  per  pound  and  we  do  have 
to  buy  relatively  large  volume  to  get  our  cost  down. 

Question:  Are  you  able  to  magnetize  magnets  after 


assembly? 


Answer : 


Yes,  all  of  the  multipolar  structures  are 


magnetized  in  place  and  th,is  is  a  technique  which  was  developed 
to  allow  the  efficient  use  of  these  materials  in  production. 

Question :  In  the  last  figure,  Figure  8,  were  the  magnets 

skewed? 

Answer :  That  is  correct.  This  particular  machine  is 

not  only  a  generator,  it  also  has  to  start  as  a  motor.  In  order 
to  qet  it  to  start  properly  and  keep  cogging  torque  to  a  minimum 
this  particular  rotor  was  skewed.  The  generator  is  started  as 
a  brushless  motor  to  start  up  the  Sterling  engine  which  drives 
it  as  an  alternator. 


FIGURE  1 


FIGURE  2 


FIGURE  7 


FIGURE  8 


A  MEM  BRUSHLESS  DC  MOTOR  CONCEPT 


Milton  S,  Iaaacaon 
Praaidant ,  Nu-Tach  Induatriaa ,  In c. 

Dayton,  Ohio 

Sovon  years  ago  our  Company,  Nu-Tach  Induatriaa ,  Ine.  start* 
ad  work  on  a  naw  approach  in  tha  daaign  of  a  bruahlaaa  DC  motor. 
Ma  wara  working  vith  bruahlaaa  DC  baeauaa  wa  baliarad  that  it 
waa  tha  baat  motor,  tha  ona  that  could  produca  tha  graataat  o ut- 
put  tor  aiaa  and  waight,  and  tha  motor  that  would  prowida  tha 
baat  at ticiancy .  Normally  whan  apaaking  ot  a  DC  machina ,  ona 
thinka  ot  a  bruah  commutator  motor.  That  motor  ot  couraa  baa 
ita  diaadvantaga  baeauaa  it  haa  bruahaa  and  commutator .  Ma  wara 
datarminad  that  our  motor  not  only  ba  bruahlaaa ,  but  that  it  ba 
battar  than  tha  alraady  aaiatlng  bruahlaaa  DC  atotora.  It  wa 
could  daaign  a  motor  that  had  nothing  attachad  to  ita  ahat t  tor 
purpoaa  of  indicating  rotor  poaition ,  and  if  at  tha  aama  tima  wa 
could  prowida  apaad  control,  thia  would  cattainly  ba  a  technical 
advantage  ovar  aaiatlng  bruahlaaa  DC  machlnaa .  Laatly,  if  that 
apaad  control  waa  aynchronoua,  that  would  ba  battar  yat. 

So,  wa  atartad  our  work  with  tha  raault  that  today  wa  hara 
a  unlwaraal  daaign  that  fully  maata  thaaa  objectives.  Tha  da¬ 
aign  la  applicabla  to  any  aiaa  motor /  it  could  ba  a  motor  aa 
amall  aa  ona  to  run  a  wriat  watch,  or  aa  larga  aa  an  altarnator 
in  a  modarn  alactrlc  powar  plant. 

Two  major  alamanta  c ompriaa  tha  motor  alactronica ,  tha 
digital  alactronica  that  aanaaa  back  ZHP  voltage  for  conatation 
and  apaad  control,  vhich  ia  tha  aama  for  any  aiaa  motor,  and  tha 


power  alactronica  tor  power  twitching  which  varies  in  titt 
according  to  thm  output  of  th a  motor. 

To  obtain  an  undarttanding  of  how  tha  motor  oparataa  ona 
may  rafar  Co  tha  attachad  Nu-Tech  Xnduatriat  Technical  Bulletin 
WT 300.  We  would  Mention  one  itea  which  ie  graatlg  atraaaad 
tharain.  Tha  raaton  that  a  DC  motor  it  Better  then  other  motora 
ia  that  in  a  DC  machina  an  average  90  dagraa  torqua  angla  ia 
Maintained  Between  the  two  aotor  fluxaa.  This  ia  tha  moat 
important  charactariatic  tor  creating  maximum  output  for  aiaa 
aa  wall  a<  creating  high  efficiency  in  the  DC  machina. 

La t  ue  look  at  a  few  feature#  of  the  motor.  We  har« 
workad  through  the  yeara  toward  the  objective  of  hawing  all  the 
digital  logic  and  analog  circuitry  on  just  one  aeni conductor 
chip.  In  recent  studies  we  have  determined  that  thia  can  ha 
dona.  Tha  ailicon  chip  would  Be  approximately  ISO  thousandths 
on  a  aide.  That  chip,  it  Bought  in  sufficient  guantity  would 
cost  less  than  one  dollar.  Once  the  chip  ia  tooled  and  in  pro¬ 
duction  we  will  have  achieved  Both  our  economic  as  well  as  our 
technical  objective. 

Alao,  during  this  period  we  have  developed  a  Microprocessor 
approach  that  does  the  tame  commutation  and  speed  control  that 
the  custoa  chip  does.  When  that  approach  ia  reduced  to  its 
minimum  number  of  componanta  it  will  consist  of  a  microprocaaaor 
and  a  aimpla  cut  tom  analog  chip. 

Tha  motora  wa  have  built  for  test  have  Been  email  motora, 
the  largaat  being  approximately  two  lnchaa  in  diameter.  Our  work 
has  Been  with  email  motora  tinea  they  are  easy  to  fabricate  and 
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tut.  There  is  no  reason  however,  thee  we  could  not  build 
larger  motors. 

The  power  almmant  for  a  motor  Chet  is  relatively  small , 
maybe  an  inch  in  diameter  by  an  inch  in  length,  could  veil  be 
powered  by  two  or  three  amps  with  an  applied  voltage  between 
28  VDC  to  100  vdc.  A  single  monolithic  chip  could  be  made  to 
power  this  motor  so  that  along  with  the  cuatos  digital  logic 
chip  only  two  chips  would  be  required  for  the  total  system. 

As  the  motor  increases  in  size,  hybrid  circuitry  comes  into 
play.  In  this  esse,  on  a  one  inch  by  one  inch  aubatrai t  we 
can  safely  operate  with  currents  up  to  20  ampa  st  an  applied 
voltage  between  28  VDC  and  100  VDC.  with  very  large  motora , 

SCR' a  and  perhaps  GTO  type  SCR’s  will  be  developed  to  handle 
very  high  currents  efficiently .  In  the  meantime ,  transistors 
are  being  produced  today  in  ratings  for  hundreds  of  ampa  and 
hundreds  of  volts  that  otter  immediate  solution  to  power  switch* 
ing  in  the  larger  brushless  DC  motor. 

In  an  inclualve  sense  we  are  striving  in  a  simple  way  to 
control  the  motor  shaft,  whether  that  output  be  synchronous 

speed,  normal  commutation  or  a  stepped  function.  If  we  put 

i 

a  string  of  speed  control  pulses  into  the  motor,  which  are 
sinusoidal  in  frequency,  the  speed  will  be  sinusoidal .  In 
effect,  we  can  cause  the  motor  to  follow  any  pattern  of  speed 
by  the  particular  pulse  applied.  Also,  by  counting  the  pulses, 
we  can  tell  where  the  rotor  is  at  all  times. 

Typical  applications  being  considered  are  sound  and  video 
systems,  industrisl  drives  and  automobile  accessory  items.  An 
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intereating  application  in  the  drive  for  the  electric  vehicle 
Work  ie  cu rreatly  being  done  in  developing  driven  for 
nrtifictnl  henrt  devicee. 


THE  K I  MOTOR 

NU  TECH  INDUSTRIES 

AN  ELECTRONICALLY  OPERATED 
AND  CONTROLLED  BRUSHLESS 
DC  MOTOR 

I  OKI  WORD 


Major  pr.»y-rcn  has  been  nude  in  the  held  of  brushless 
IX  moton  m  the  past  decade  Ibis  progress  came  as  .1 
direct  answ cr  to  the  space  program's  need  fot  small , 
efficient.  iciuhle  motors  that  could  operate  in  a  tjcuum 
High  <.101  has  dimed  the  transition  id  tint  trchnologs  to 
military.  commercial  and  industrial  lirldt  lhe  develop¬ 
ment  of  a  custom  designed  motor  for  the  space  program 
sometimes  costs  from  S50.(X»)  to  $250,000  lhe  engineets 
.11  Nu  lech  Industries  fell  there  »jt  j  solution  to  ihrt 
cost  problem 

The  development  of  mtvro  electron*. t  and  power  elec 
Itomct  provided  tcchnolsigs  lor  a  nett  and  truly  universal 
bmthlett  IX  motor  concept  Ihit  technology  piomited 
the  unrvei caluy  co  ettenlial  to  commercial  development  at 
a  co'l  and  ttith  a  leliahilitt  previously  unat tamable  Two 
Ley  problemt  had  to  he  solved  First .  the  transducer  uved 
in  previous  concepts  to  sense  rotor  position  had  10  he 
eliminated,  and.  second,  a  single  electronics  package  had 
to  be  designed  that  wav  universal  enough  to  provide  con¬ 
stant  speed  or  programmed  speed  changes  regardless  of 
changes  in  load  or  voltage 

\ster  four  years  of  development,  a  truly  universal, 
brushless  (X  motor  concept  rs  a  rcalris  In  this  concept, 
named  the  h  1 1  knight  Isaac  vm  I  Motor .  a  single  electronics 
pnkage  coupled  with  an  appropriate  powet  module  can 
control  two. phase  ot  three  phase  machines  ot  any  sr/r 
Ibgiljl  electronics  senses  motor  hack  I  Ml  to  provide 
commutation  as  well  as  control  motor  speed  without  using 
a  transduce!  The  concept  is  the  essence  of  simplicity 

The  k  I  Motor  starts  ansi  accelerates  along  a  straight 
line.  DC.  speed-torque  curve  like  any  DC  commutator 


compound  01  permanent  magnet  motor  It  can  maintain  a 
selected  fixed  speed  undet  load  and  line  voltage  changes 
and  can  he  tcvetsed  with  a  simple  single -pole  switch 

The  machine  can  he  of  any  vi/c.  can  have  an\  numhet 
of  poles,  and  can  have  ctthct  a  two-phase  ot  thiee-phasr 
winding  The  atniatuie  and  field  need  only  ptoducc  a 
generated  voltage  when  opeiatcd  as  a  geneiatot,  to 
equality  as  the  mechanical  appataius  lot  the  k  I  Motor 
The  digital  electronics  trmams  the  same  regardless  of  the 
ci/e  <>f  the  machine,  the  electronics  will  he  two  MON 
clops  The  powet  elect  tomes  on  the  othet  hand  vanes  in 
M/e  with  the  si/e  of  the  motor  The  power  electronics  will 
he  different  fot  different  voltages  and  fot  two-phase  01 
three  phase  operation  Changing  the  numbei  of  poles  does 
not  have  any  effect  on  the  design  of  the  power  electronics 
Replacing  the  brushes  with  electronic  commutation 
does  much  more  than  just  eliminate  all  the  well-known 
brush  problems  The  digitally  conttolled  commutation  ot 
the  k  I  Motot  adjusts  automatically  with  load  to  maintain 
an  optimum  flux  configuration  in  a  manner  analagous  to 
mechanic  ally  shitting  the  brushes  in  a  comparable  brush 
type  machine  In  addition,  it  is  possible  to  elect ronicalls 
accomplish  the  equivalent  of  shifting  the  brushes  for 
optimizing  petlotmance  in  one  directum  of  rotation 

The  k  I  M<  slot  has  much  to  oflet  Die  tangc  of  appli 
cation  is  limited  only  by  the  ingenuity  and  imagination  of 
the  design  engineer  In  the  fitst  section  of  this  tepotl  we 
will  dice  wee  the  motor  theory  essential  to  a  dear  imitfl 
standing  of  this  new  motor  concept,  and  in  the  second 
section  we  will  discuss  lhe  specifics  of  the  k  I  Moiot 
concept 
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SECTION  1 

I NTROIHKTOKY  DISCUSSION 


ROTA  TINT.  FI  El  I)  AC  MACHINE 

Eoi  moto!  iction  lo  occui  il  it  necessary  lo  fittl 
establish  a  totaling  magnetic  Old  Thu  Old  then  mlci 
ads  with  a  second  Old  lo  produce  torque  and  uilalion  of 
a  dial!  TO  AC  machine  n  the  easier  lo  describe  and  we 
will  address  it  Inst  Figuie  I  illustrates  a  two  phase  mac hine 
with  nub  A  and  H  located  '*0  degrees  a|>ail  in  lO  tlaloi 
In  a  conventional  machine  vine  waves  displaced  by  *K) 
degteex  at  shown  in  I  igute  2  tit  applied  lo  Ihr  two  coilt 
lo  prudike  Ihc  denial  totaling  lield  Squaie  waves  may 
alto  O  uird  lo  aslivale  (he  soils  and  pindtKe  a  rotating 
Old  I  tievaic  2  Uluvlialet  the  requited  wave  dia|>e  The 
lundanienlal  component  ol  the  squiie  waves  coincides 
with  the  sine  waves  of  llie  conventional  machine  in 
I  iguie  2  The  milage  u  only  on  lew  do  ol  cadi  IHO  de 
giees  in  a  half  cycl",  a  ‘*0  degiee  on  lime  condilion.  and 
Ihe  coil  H  wave  is  displaced  fiom  the  uni  A  wave  by  ‘>0 
degrees  Note  lhai  Ihe  fundamental  components  ol  the 
square  waves  just  described  are  sine  waves  displaced  by 
dO  degrees 

Consider  Ihe  square  waves  of  Figure  2. applied  lo  colls 
A  and  II  in  I  igure  I  I  sing  the  sign  convention  established 
bs  sectors  A  and  II  III  Figure  I.  the  llus  is  dnecled 
toward  Ihe  lop  ol  the  page  lot  live  lust  d(l  degrees  At  d0 
degrees  coil  A  is  switched  oil  and  coil  R  is  switched  on  lo 
give  a  Hut  directed  lirward  Ihe  right  as  shown  in  I  igure 
lb  The  llus  has  effectively  rotated  do  degieet  clinic  wise 
Ninel)  degrees  lalci,  coil  H  switches  ulT  and  coil  A 
switches  on  in  the  negative  dlieclton  to  give  Ihe  flux 
shown  in  I  Igure  Ic  which  represents  another  d()  degrees 
of  clockwise  rotation  Similarly,  during  Ihc  last  d()  de¬ 
grees  coil  A  is  not  energized  and  coil  B  it  negatively  ener 
gized  to  give  Ihc  flux  vector  diown  in  I  igure  Id  Al  the 
end  ol  this  do  degree  segment  live  current  and  llux  pattern 
resell  lo  the  initial  condition  The  flux  has  effectively 
rotated  *ts0  degrees  in  *KT-degrce  slept  This  action  it  in 
sharp  contrast  to  Ihe  sine  wave  cate  which  lexullt  in  a 
utmoihly  rotating  constant  amplitude  flux  vector 


INIKOIRK  I  ION 

Motor  aclioii  mas  be  detined  as  Ihe  conversion  ol 
etcxliicjl  power  lo  rotational  mechanical  power  through 
ihe  interaction  ol  magnetic  lieldt  Ihere  are  several  ways 
to  approach  a  diwussion  ol  Ihc  theory  ol  motor  actum 
but  ihe  way  that  leads  most  directly  to  a  dear  under 
standing  ol  llie  h  I  Motor  is  lo  consider  a  set  ol  vectors 
lepiesetiiiug  the  magnetic  lieldt  involved  Kalliei  than 
evolve  a  completely  gcncial  theory,  we  will  illutlitlc  ihe 
petluient  principles  hy  discussing  llie  IK  biush  machine 
and  tin-  At  tynsliiunoui  machine  Both  ol  tliese  machines 
generate  a  hack  I  Ml  and  an  undemanding  ol  the  phase 
irlatHindiip  between  this  hack  I  Ml  and  the  olliei 
magnetic  fields  involved  is  cvtrnltal  lo  undemanding  the 
h  I  Moloi  It  will  he  shown  lltal  the  IK  and  Af  machines 
aie  similai  in  w-veial  other  very  important  icspcvlt  The 
discitssioii  ol  lieldt  and  back  I  Ml  s  in  Section  I  will  lead 
to  an  explanation  ol  the  h  I  Motor  commutation  concept 
and  its  elec tronk  implementation  m  Section  II 

SfRUCTUKl 

Motor  technology  can  be  traced  lu  lire  discovery  ol 
clcvtlumagnclk  irsdsKtMm  by  Michael  Fa'adav  in  IkM. 
hut  it  is  a  commentary  on  lire  vagaries  ol  the  tnglish 
language  that  we  find  it  necessary  to  define  a  lew  terms 
betove  proceeding  with  our  discuttkw  lor  our  purposes, 
j  IN  motor  ts  a  brush-commutator  machine  that  urns 
direc  I  Is  oil  i  I A  line  Tlte  armature  rotates  and  contains 
windings  as  well  as  lire  commutator,  and  Ihe  magnetic 
member  that  remains  stationary  is  referred  lo  as  the  lield 
To  cmiplrl y  our  drwuxsions.  we  can  wrthoot  loss  ol 
geocralrts  consider  tire  lield  as  a  permanent  magnet  even 
though  in  privtke  mans  ly-Uls  are  electromagnets  The 
\l  mac  Imre  wc  will  diw  uxs  is  a  cs  ikluoisciut  likrloi  with  a 
set  ol  cl jlrr-iur s  windings  calks)  ihe  stalor  or  aimatute. 
and  a  lolating  permanent  magnet  called  the  rotor  or  trek) 


ROTATING  FIELD  DC  MACHINE 

To  visualize  the  equivalent  rotating  flux  in  a  IX' 
machine,  imagine  a  motor  with  the  dull  and  amialure 
lived  and  the  field  magnets  and  brushes  totaling  (The 
current  would  be  brought  to  the  brushes  thtuugli  dip 
iirigi)  The  geometry  is  illustrated  in  Figuie  3  Coils  A  and 
B  are  displaced  by  *XJ  degrees  as  in  the  AC  machine  dis 
cussed  above  The  cods  are  connected  to  a  (our  segment 
commutator,  each  segment  of  which  occupies *H) degrees 
Leads  from  each  cod  are  attached  to  segments  I  MO  degrees 
apart  There  are  two  brushes,  "a”  and  “b",  of  negligable 
thickness  located  180  degrees  apail  For  purposes  ol  our 
discussion,  current  always  flows  in  brush  "a"  and  out 
brush  "b"  For  the  brush  position  shown  in  Figure  3.  and 
during  do  degrees  of  counter  clockwise  brush  rotation 
current  flows  up  through  cod  A  and  no  current  tlows  in 
cod  B  During  the  neat  00  degiees  of  rotation,  current 
tlows  from  tight  to  left  in  cod  B  and  coil  A  is  not  ener 
gued  [hiting  the  last  two  dOdegiee  rotations,  cod  A  is 
negatively  energized,  and  then  coil  B  is  negatively  enei 
gi/ed  in  direct  analogy  with  the  AC  case  fhe  field  set  by 
the  rotating  brushes  is,  ihetefore.  a  stepwise  rotational 
field  just  as  in  the  AC  case  and  the  currents  in  the  colls 
are  two  square  waves  with  do  degrees  on  time  displaced 
by  d0  degrees 
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The  lundamenta!  component  ol  the  square  wave  is 
shown  as  a  sine  wave  in  Figuie  2  The  on-off  points  of  the 
square  wave  occur  at  what  we  shall  call  the  "45"  points" 
To  illustrate  the  location  of  these  points  more  clearly  we 
have  redrawn  I  iguie  2  m  Figuie  4  (a  arid  h)  with  the 
negative  hall  waves  mveiled  When  the  two  inverted  wave 
lorms  are  superimposed  in  Figuie  4c.  the  "45°  poults"  lie 
midway  between  zero  voltage  (Hunts 


TORQUE  ANGLE  IX  MACHINE 

The  physical  ariangemcnt  of  the  IX'  machine  gives  use 
to  a  most  impoitanl  relationship  between  the  llux  of  the 
permanent  magnet  and  the  armatuie  flux,  to  illustrate  this 
relationship  we  have  drawn  an  xieali/ed  IX'  motor  m  four 
positions  in  I  iguie  '  To  be  consistent  with  oui  eailiei 
discussions,  we  fixed  the  armature  and  commutator  and 
let  the  field  and  blushes  rotate  In  Figuie  5(a)  the  sign 
conventions  ate  suc  h  as  to  lesult  m  a  field  flux  dues  led 
from  left  to  right  and  an  armature  flux  directed  upwaid 
As  the  permanent  magnet  tolates  dll  degrees  counter 
dockwite.  its  Iteid  obviously  rotates  the  same  way.  hut 
since  the  brushes  have  also  rotated  d()  degrees,  the  arma¬ 
ture  current  is  now  flowing  through  coil  B  in  such  a  way 
as  to  have  the  armature  flux  diiected  from  right  to  let! 


The  is-lali'e  |xntlimv  of  ihe  two  vcclois  it  still  the  same, 
that  i-.4>ll  lcads#l  by  90  degioes  Similarly  as  the  held 
omlinun  lo  rotate,  the  arnuiute  flux  moves  with  u  Hie 
angle  between  the  fluxes  it  not  j  constant  *>0  degieesbc- 
cause  the  field  it  total  mg  lliiotigli  *H)  dcgices  with  no 
change  in  armature  llux  duct: ton  while  the  hruthet  ate  in 
contact  with  any  pan  ol  commutator  segments  At  the 
twitching  points.  Ilie  attnaluie  (lux  suddenly  pimps  ‘>0 
degteet  The  angle  actually  vanes  Irani  135  degrees  to 
•IS  degtees  and  then  suddenly  pimps  lo  I  35  degrees  again 
llic  result  is  that  (he  average  displacement  between 
vec  tors  is  ‘*0  degrees 

liters-  ate  two  very  important  consequences  ot  having  a 
'>0  degree  angle  between  the  attnaluie  llux  and  the  |>eiuia- 
neni  magnet  llux  l  ust,  since  the  totque  pioducrd  is  a 
function  of  Ihe  coil  cutieni,  the  field  flux  tltiough  the 
coil  and  llic  cine  ol  the  angle  between  the  two  fluxes,  live 
lotquc  is  maximum  foi  a  lH)dcgtcc  angle  Second,  the 
ellMCtny  is  maximum  fot  a  Wdegtee  angle  Wc  shall  call 
llic  angle  between  the  licld  (lux  and  llic  touting  llux  llic 
torque  angle 

TORQUF  ANC.LF  AC  MAI  MINE 

Fhe  lorque  angle  is  noi  hxcxJ  m  the  AC  machine  Ihe 
speed  of  a  synchronous  machine  is  fixed  by  Ihe  hequency 
of  Itte  supply  voltage,  bul  the  torque  angle  is  small  foi 
light  loads  and  increases  as  the  load  increases  TFse 
efficiency,  ihricfoie.  increases  at  the  load  incieatet  The 
IX  moior  is.  therefore,  generally  more  efficient  and  mote 
powerful  than  ihe  equivalent  AC  motor  If  Ihe  AC 
machine  is  of  the  induction  ot  hyslersis  type,  the  ad- 
vantage  ,.t  the  tX  motor  is  even  more  pionouncesl 


sync  Moot 


BAC  K  FMF  At  \M>  IX  M  \(  MINE 

Wc  mentioned  earlici  that  theie  is  a  baik  I  Ml  voltage 
generated  in  both  the  AC  and  IX  machines  Foi  the  l>C 
machine,  the  peak  of  the  back  l  Ml  wave  coincides  with 
the  cenlct  of  the  applied  square  wave  In  (he  AC  machine 
Ihe  situation  is  not  nearls  so  simple  The  hack  EM  I  has  a 
fixed  idalionshtp  lo  ihe  roloi.  bul  ume  Ihe  lotquc  angle 
is  not  fixed,  the  tclatrondup  between  the  impressed 
square  wave  and  Ihe  hack  I  Ml  will  vary  When  the  totque 
ar./'e  it  lets  than  on  ,|  vicet  the  roloi  it  ahead  ot  where  it 
would  he  for  (X  operation  and  (he  geneiated  voltage 
leads  the  applied  voiiage 

PERFORMANCE  IX  MACHINE 

In  the  IX'  machine  Ihe  characteristic  IX  mode  of 
operation  is  along  a  straight  line  speed  torque  cuirre  as 
rep  evented  in  Figuie  b  At  /cio  load  ihe  speed  is  maxi¬ 
mum.  chosen  arhitianly  to  be  3, (XX)  RI’M  When  stalled 
the  speed  of  course,  is  zero  Flic  straight  line  curve,  there 
lore  slopes  negatively  from  3.IXX)  RPM  lo  an  aibitianly 
selected  stall  totque  of  30  or  in 

Ihe  generated  vsdlage  is  a  funetton  of  turns  Itincx  field 
flux  limes  speed  Should  we  turn  Ihe  lolor  (of  such  a  IX 
mas  lime),  in  the  direction  that  causes  Ihe  device  loacl  as 
a  generator ,  we  would  Imd  the  open  circuit  voltage  at 
CtXX)  Kl*k!  to  be  Ji  Inly  less  than  the  value  of  the  applied 
voltage  at  a  motor  I  or  piccttcly  this  reason.  I.e  .  the 
back  I  MF  essentially  equals  the  applies!  soilage  at  l.(XX) 
RPM  the  no  load  motor  speed  must  turnout  lobe  3.1KK) 


RPM  The  classical  motoi  equation  applied  to  this  dis¬ 
cussion  is  VA-  I*  SIR 

At  iro  load,  current  I  is  nearly  zero  At  no  load,  the 
vinewave  voltage  in  out  illustrated  IX  machine  lies 
practically  on  top  of  the  fundamental  smewave  of  the 
applied  tquaiewave  voltage  ll  is  diglilly  less  in  magnitude 
Ilian  Ihe  applied  voltage  at  no  load  as  a  result  of  a  slight 
IR  voltage  drop  across  the  winding  Conveisely.  it  it  this 
slight  difference  in  the  two  voltages  '’  A  and  Fg  lhal 
causes  ihe  flow  of  no  load  cuticnt  in  the  windings  This 
voltage  dillctetHC  instcatcs  greatly  as  the  geneiated 
voltage  duntmdies  ■■  a  result  of  teslucesl  motor  speed  as 
brought  about  by  increased  load  Speed  ami  generated 
voltage  are  invrtsely  ptooorttonal  to  load  Al  stall.  Ihctc 
is  no  geneiated  voltage  and  all  applied  voltage  shows  up 
as  IR  drop  across  the  winding 
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PERFORMANCE  -  AC  MACHINE 

In  the  standard  AC  machine. speed  is  m>t  vaiuble,  hence 
the  generated  voltage  magnitude  temains  constant  Pie 
two  voltage  wave  forme,  the  generated  back  I  MF  and  the 
fundamental  of  the  applied  voltage,  if  viewed  on  an 
oscillitcope,  metely  thilt  (torn  an  unaligned  condition 
toward  an  in  phase  condition  as  the  load  increases  For  an 
AC  motor  with  the  same  magnetic  characteristics  as  the 
DC  motor  discussed  in  the  previous  section,  when  the 
voltages  are  just  in  phase  due  to  a  specific  amount  ol 
loading,  the  ‘H)  degree  displacement  exists  between  rotor 
field  and  armalure  flu*  Should  the  frequency  of  the  applied 
voltage  be  25  0  hr  so  that  speed  is  lived  at  1.500  RI*M 
I RPM  LiO  x  IS  |  .500  RPM >  the  specific  torque 

necessary  to  bring  the  quadrature  field  flux  condition  is 
15  0  or  in  We  arrive  at  this  conclusion  by  observing  in 
Figure  6  that  at  half  no  load  speed,  or  1.500  RPM.  the 
torque  will  be  half  the  stalled  value  or  15  or  in 

Any  less  torque  than  15  or  in  reduces  the  torque  angle 
and  any  greater  load  causes  the  rotor  to  drop  out,  te  , 
reduces  to  rero  speed  and  rero  torque  With  no  load  on 


the  rotor  other  than  the  no  load  friction  and  windage  and 
iron  loss  torques,  the  tutor  moves  to  a  position  some 
where  midway  between  0  degree  and  *10  degtees  Pie 
changing  toique  angle  is  characteristic  ol  the  AC  syn¬ 
chronous  mode  of  operation  At  ‘*0  degree  torque  angle 
there  is  a  condition  in  which  operation  is  both  AC  syn¬ 
chronous  mode  as  well  as  DC  mode  Pus  is  the  drop  out 
point  in  the  standard  synchronous  machine  It  operating 
at  this  point,  the  k  I  motor  is  in  the  IX'  synchronous 
mode  of  operation,  and  drop  out  will  not  occur 

FREQUENCY  AC  MACHINE 

In  the  AC  machine,  speed  can  be  held  constant  or 
varied  by  control  of  applied  frequency  Pie  airangemenl 
from  a  servo  standpoint  is  simply  an  open  loop  servo  It 
should  start  to  become  apparent  at  this  point  that  it  the 
loop  in  the  AC  motor  is  closed  in  some  manner  as  to 
maintain  an  average  **0  degree  torque  angle,  it  becomes 
the  same  motor  as  the  DC  machine  Hence,  we  should  see 
that  the  brushless  PC  motor  emerges  by  closing  the  servo 
loop  in  the  AC  nuchme 


SECTION  II 

nil:  K-I  MOTOR  OPERATIONAL  CONCEPT  discussion 


rhe  theory  JivumoJ  in  Section  I  ol  lhn  icpoit  will 
now  be  used  lo  explain  the  operation  of  the  knight 
lujoon  (K-I)  Motoi  lo  cum  manic.  we  showed  that  an 
AC  synchronous  motoi  could  he  operated  on  square 
waves,  that  the  magnetic  held  structure  of  the  *yn 
chronoux  motor  wav  utrular  to  that  of  the  IX'  brush 
commutator  motor  and  that  a  similar  back  I -Ml  was 
generated  in  both  machines  We  now  proceed  to  show 
how  the  hi  Motor  uses  the  synchronous  motor  structure 
and  electronic  controls  to  produce  a  DC  brushless  motor 

The  k  I  Motor  consists  of  three  parts  the  electro- 
HMdwaieal  UXtltbly  Mkick  i'  essentially  an  A(  ssn 

dmMM  moloNan  rle.  i-onus  pa.  cage  that  pertoinis  all 
the  low  level  sensing  and  logic  functions,  and  a  power 
module  that  controls  the  flow  of  current  lo  the  motor 
This  section  deals  with  the  theory  of  operation  of  the  K-I 
Motor  and  therefore  addresses  primarily  the  functions  of 
Ihe  electronics  pa.  Wage  The  hardwaie  implementation  of 
these  functions  is  left  toi  a  luture  leport  or  for  discus¬ 
sions  with  NU-TECM  engineers  The  functions  of  the 
electronics  are 

1  (  ommutalHin  the  electronics  must  sense  Ihe  back 
I  Ml  and  provide  the  proper  signal  to  the  power 
module  lo  switch  power  Jo  the  various  motoi 
windings  as  appropriate 

2  Starting  and  Speed  Control  the  electronics  must 
be  .apanie  ol  starting  the  motor  in  Ihe  desired 
direction  of  rotation  and  must  be  able  to  maintain 
•  constant,  selected  speed 

l  (X  S> nvhfimouc  Mode  Control  the  electronics 
must  assure  that  the  motor  Is  operating  in  the  DC 
synchronous  mode  regardless  of  changes  in  load  or 
(me  voltage 


ol  the  two  machines  are  lued  so  as  to  present  relative 
motion  The  output  liorn  the  peimanent  magnet  generator 
is  now  duectly  analogous  lo  the  hack  EME  for  both  the 
AC  and  DC  machines  discussed  in  Section  I 

The  two  smewavc  voltages  ftom  the  peimanent  magnet 
gcneialoi  may  be  modified  to  obtain  the  composite  wave 
shown  in  flguie  4  (repeated,  as  shown  in  Section  I)  You 
tec  all  that  we  mveilcd  the  negative  hall  cycles  of  both 
waves  and  that  the  *‘4$°  points"  weie  mid  way  between 
the  zero  voltage  points  These  ate  the  points  at  which  we 
must  twitch  the  proper  coil  currents  on  or  off  lo  achieve 
hiushless  tX‘  operation  If  we  determine  these  "45°  points", 
we  have  the  commutation  ugnals  required  to  switch  Ihe 
power  transistors 
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t  OMMUTATION 

Rotor  pout  son  ernung  Before  commutation  can  occut. 
Ihe  electronic'  package  mutt  "know  the  poulion  of  the 
rotor  at  certain  key  points  in  each  revolution  There  aie 
numerous  devices  that  could  be  connected  to  the  shaft  of 
an  AC  svnehtonous  motor  to  provide  Ihe  desired  signal 
A  tew  of  the  devices  ate 

1  Permanent  magnet  generator 

2  Potcntimeter 
J  Hall  device 

4  Eddy  current  device 

5  Reluctance  device 
b  Optical  tensor 

7  Capacitance  device 
X  Revolver 
*t  Radiation  device 
10  Brush  Slip  ring  assembly 

fhe  first  of  these,  the  permanent  magnet  generator,  will 
he  discussed  m  some  detail  because  this  discussion  leads 
most  directly  to  an  understanding  of  the  hi  Motor 

Consider  a  two  phase  permanent  magnet  generator 
tone  that  generates  two  tmewave  voltages  displaced  by 
•X)  degrees!  mounted  on  Ihe  shaft  of  a  two  phase  syn¬ 
chronous  motor  The  stator  of  the  permanent  magnet 
generator  ts  positioned  circumferentially  to  that  the  back 
I  Ml  voltages  of  the  motoi  are  in  phase  with  the  voltages 
eenerjtrd  hx  Ihe  permanent  magnet  generator  The  stators 


An  implementation  of  the  power  switching  function  is 
shown  in  Eigme  7  Each  coil  lead  hat  two  itanuttott  con 
nccted  to  it.  one  for  each  direction  of  cuticnt  flow  Only 
one  coil  conducts  at  a  time  an  that  the  on  time  condition 
it  UO  drgiees  and  at  anx  given  lime  only  two  Uantittort 
ate  turned  on  After  these  two  tianuttott  conduct  for 
degrees,  a  "45°  poml"  it  reached  and  the  two  conducting 
transistors  are  turned  off  and  two  transistors  on  the  other 
coil  are  turned  on  At  Ihe  next  "45"  point"  these  last  two 
transistors  are  switched  off  and  the  two  tiansittort  not 
used  dunng  the  fust  90  degree  period  are  twitched  on  to 
cause  current  to  flow  “backwards"  through  the  ftrtl  coil 
Similarly .  at  the  next  "45°  point"  curtcnt  rt  caused  lo 
flow  "backwards"  thtough  the  second  coll  for  dO  degrees 
to  complete  the  ThO  degree  cycle 

k  I  Motor  (  ommutalHin  The  k  I  Motor  uses  none  of 
the  ten  transducer  csvncepts  listed  above  One  of  the  unique 
features  Nl'  TECH  rngineeis  have  developed  for  then 
motor  is  a  tiansduceilets  approach  to  htudilets  EX’  motor 
operation 

The  exact  phase  relationship  between  the  voltages 
generated  by  Ihe  permanent  magnet  generator  discussed 
Ml  the  preveedtng  paragraphs  and  the  hack  EME  of  the 
synchronous  motoi  w  as  le.ognired  by  Nit  TECH  engineers 


, 


The  engineers  realized  that  it  they  could  use  ihe  back 
hMF  voltages  in  a  manner  similar  to  that  described  for  the 
permanent  magnet  generator  the  generator  (or  any  trans¬ 
ducer)  could  be  eliminated  This  was  perhaps  the  most 
important  single  step  in  the  K-l  Motor  development 

Tlie  back  FMF  is  not  available  to  the  electronics  during 
the  entire  cycle  When  a  coll  is  energued  the  applied 
voltage  masks  the  back  FMF  voltage  Therefore,  even 
though  the  back  FMF  voltage  is  available  from  the  non 
energized  coil  as  shown  m  Figure  8,  the  "45°  points"  can 
not  be  detected  directly  A  solution  to  this  problem  had 
to  be  found 

Digital  Techmqur  for  Commutation  The  commutation 
problem  reduces  to  one  ol  using  (he  inlormation  available 
in  the  back  FMF  voltage  to  generate  Ihe  switching  signals 
Note  in  Figure  8  that  some  information  is  available  about 
the  back  FMF  voltage  even  during  the  lialf<ycle  the  cod 
is  conducting  The  wave  shapes  near  the  zero  voltage  points 
(0°.  *>0°,  ISO4’.  270°)  are  not  masked  The  “45°  point" 
at  which  commutation  must  occur  rest  midway  between 
these  zero  crossing  points. 

The  NU-TECH  approach  to  locating  the  "45°  points" 
involves  the  use  of  two  reversible  electronic  counters  The 
fust  counter  is  started  at  zero  degrees  counting  upward  at 
approximately  75.000  hertz  (sec  Figure  8)  At  *>0  degrees, 
the  zero  crossing  signal  reverses  the  counter  and  starts  it 
counting  downward  at  twice  the  rate  When  this  counter 
reaches  zero,  the  "45°  point"  at  135  degrees  has  been 
reached  Meanwhile,  (he  second  counter  started  counting 
up  at  lX)  degrees  and  reversed  at  I  HO  degrees  to  locate  the 
"45°  point"  at  225  degrees  The  first  counter  has  been  re- 
startesi  at  180  degrees  to  locate  the  315  degree  "45° 
point"  and  the  second  counter  starts  at  270  degrees  to 
locate  the  "45°  point"  located  al  45  degrees  In  this 
manner  the  two  counters  locale  all  four  "45°  points" 
Tfus  explanation  assumes  constant  speed  Acceleration 
and  deceleration  cause  the  torque  angle  to  vary  slightly 
from  the  ideal  '>0  degree  average 


APPLIED  VOLTAGE 


PHASE  A 


HAST  IIAO 
CROSSING 


SACK  EMF 
VOLTAGE 


FOUAIM  ZEAO 
cAoaaiMc 


COUNTER 


COUNTER 


Multipole  Machines  Ihe  entnc  discussion  thus  lar  has 
addressed  two  pole  maslimes  The  extension  to  multipole 
machines  is  straightfoteward  Note  that  for  a  four  pole 
machine.  'HI  electrical  degrees  correspond  to  45  degrees  ol 
mechanical  rotation  of  the  rotor  However,  (he  entire 
explanation  given  above  is  salrd  it  all  arguments  ate  made 
in  electrical  degrees  The  electronics  does  no!  change  and 
any  number  of  poles  can  be  accomodated 

STARTING 

There  are  iWo  problems  associated  with  starting  a 
mot..r  using  Ih'v  M  III  H  ...mrpt  Fust,  there  is  no 
signal  from  ihe  rotor  positron  trans.lu.er  before  slatting 
and  second,  the  motor  must  always  start  in  the  desired 
direction 

The  NU-TFCH  solution  to  the  fust  problem  is  to 
simply  make  the  K-l  Motor  a  stepping  machine  A  special 
dock  generates  a  low  frequency  (equivalent  to  about 
100  KPM)  signal  which  is  used  to  switch  the  powet 
module  until  a  sufficient  hack  EMF  voltage  is  genemed 
The  hack  I  MF  is  usually  adequate  within  a  quarter  revo 
lution  to  override  the  start -up  clock,  and  the  dock  is 
effectively  removed  from  the  circuit  until  needed  again 
for  statt-up 

The  second  problem.  (Flat  of  assuring  proper  dues  lion 
of  rotation,  arises  because  of  the  symmetry  of  the  back 
I  MF  voltage  and  ihe  commutation  circuitry  used  Without 
special  precautions,  the  motot  would  run  equally  well  in 
either  direction  once  started  in  lliat  direction 

NH  Tl  t'H  engineers  developed  electronic  circuitry  iliai 
allows  only  one  direclAin  of  notation  The  signals  from  the 
start-up  clock  ate  applied  to  the  coil  switches  in  such  a 
sequence  as  to  ensure  rhai  the  motor  runs  in  the  desired 
direction  Reversing  the  motot  is  a  simple  mallet  of 
changing  that  start -up  sequence  ami  is  accomplished  with 
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low  Vvcl  signals  Anothci  way  of  looking  at  stall  up  is  to 
think  of  the  clock  js  one  that  controls  commutation  at  all 
speeds  This  master  conti ol  clock  assures  projK’i  direction 
of  tolaiion  by  sequencing  the  coil  switches,  iuiis  at  a 
speed  propoilioital  to  the  frequency  of  the  commutating 
signal  and  has  some  inuiimuui  speed  below  which  it  can 
not  go 

SPEED  CONTROL 

The  K  I  Motor  does  incorporate  a  control  clock  as 
described  above  It  is  a  simple  nuttei  to  fix  an  upper  fre¬ 
quence  for  the  clock  which  has  the  effect  of  causing  the 
niotoi  to  not  exceed  the  conespondmg  speed  As  the  fre¬ 
quency  of  the  back  I  Ml  signal  attempts  to  exceed  the 
maximum  clock  rate,  the  rotor  merely  moves  closer  to  ihe 
totattng  (lux  At  this  point  the  molut  is  opciatmg  at  a 
lessei  toique  angle  It  is  functioning  as  a  synchronous  AC 
machine  would  il  the  load  were  suddenly  icduced  This  is 
a  method  in  itself  of  maintaining  constant  speed,  hut  be¬ 
cause  of  its  inhcienl  inefficiency  is  not  the  h  i  approach 
to  speed  control. 

The  operation  of  a  typical  machine  is  shown  graphically 
m  I  igsue  The  motor  starts  with  TO  ot  in  of  toique 
and  accelerates  along  the  negatively  sloped  IK'  speed/ 
torque  curve  until  the  top  speed  is  reached  In  this  case 
the  top  speed  is  1500  RPM  and  ftn  any  torque  less  than 
15  oi  in  the  motor  will  oprtatc  along  the  hon/ontal 
1500  Kl’M  line  I  ot  the  AC  synchronous  machine,  moving 
to  lire  left  along  the  constant  speed  line  corresponds  to  a 
decreasing  of  the  torque  angle  The  clock's  top  limit  is 
easily  adjustable  so  that  programming  motor  speed  is 
quite  simple  If  used  this  way.  the  rnotoi  would  operate 
as  a  satiable  frequency  synchronous  motor  until  Ihe 
maximum  torque  it  could  cuppk  at  any  given  speed 
would  be  exceeded,  and  then  n  would  become  a  IX'  motoi 
operating  in  the  DC  mode  along  the  sloped  curse 


DC  SYNCHRONOUS  MODE  OPERATION 

The  motor  we  have  described  so  tar  is  a  completely 
functional  hybnd  machine  It  operates  as  a  DC  motor 
during  acceleration  and  as  an  AC  synchronous  motor  at  ;• 
constant  preselected  maximum  speed  To  show  how  Ihe 
K-l  Motor  achieves  its  IK'  synchronous  mode  of  operation 
(90  dcgicc  toique  angle)  throughout  its  opciatmg  regime, 
shown  m  figure  9.  consider  the  opetalton  of  out  hybnd 
motor  at  varying  applied  voltage. 
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Changing  the  voltage  applied  to  a  DC  motor  with  fixed 
field  intensify  simply  causes  it  to  opciatc  along  anothci 
constant  slope  speed  toique  curve  as  shown  m  figure  10 
We  have  ilhtstiated  a  motor  that  would  produce  TO  o?  in 
of  toique  at  stall  and  have  a  no  load  speed  ol  V000  RI’M 
if  opeuted  at  TO  visits  If  we  now  reduce  the  voltage  to 
20  volts,  the  motor  would  have  a  stall  toique  of  20  or  in 
and  a  no-load  speed  of  2,<Kt0  RPM  Out  hyhnd  motor 
would  npctalr  along  lhi>  set  of  parallel  curves  until  it 
(cached  the  maximum  speed  set  by  the  control  clock. 

Consider  Ihe  case  of  the  hybnd  motor  operating  on  TO 
volts  at  a  constant  speed  of  1500  KI’M  (see  I  igure  1 1  I 
Suppose  Ihe  torque  requited  is  reduced  to  5  or  in  The 
motoi  it  now  operating  at  a  very  low  and  inefficient  torque 
angle  "e  can  bring  the  average  torque  angle  back  to  »»0 
degrees  by  reducing  the  voltage  to  20  volts  II  the  torque 
required  should  now  go  hack  up  to  the  ortgm.il  15  o /  lit.. 
the  speed  of  the  motor  would  drop  to  500  RPM  and  it 
would  be  necessary  to  increase  the  voltage  to  '0  volts  to 
reiuin  the  speed  to  1 500  RPM  at  which  punt  wc  arc 
again  operating  with  the  desired  '*0  degiec  torque  angle 

We  have  iust  desorbed  wbal  effectively  hap|icns  m  tbc 
K-l  Motoi  t  he  voltage  is  vaned  Ihiougli  a  servo  control  so 
thal  speed  sanations  aie  kept  to  an  abyilutc  minimum 
while  the  motoi  operates  very  close  to  the  drop  out  point 
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which  ii  the  intersection  of  the  constant  speed  line  and 
the  ipptopiute  IK'  speed/tsstque  cuive  Hie  k  I  Motor  in 
its  IX  synchronous  mode  operates.  therefore,  at  an 
aveiaite  torque  anule  of  *X)  degrees  at  all  times 

Conudei  the  case  of  line  voltage  change  while  the 
molot  it  opeiating  at  COitalant  torque  II  the  tuppl> 
milage  diopt.  the  tpeed  ol  the  uncontrolled  moioi  would 
alto  diop  To  illuttiate.  it  the  motor  described  by  f  igure 
II  were  operating  at  I  .$00  KI*M  and  l$o/  in  of  toique 
and  (he  toltage  dropped  to  ’0  voltt,  ihe  tpeed  would 
drop  to  MX)  RPVI  In  the  K  I  Motor,  the  tame  voltage 
tervu  control  that  mainlami  the  '*(>  degree  torque  angle 
at  conttanl  tpeed  would  hold  the  voltage  to  the  windings 
at  <0  voltt  regardless  of  line  voltage  variations 


SERVO  SYSTEM  GENERAL 

The  tervo  control  detenbed  in  the  last  paragraph  it  an 
indicate  counter  system  in  (lie  k  I  Motor  Ihe  develop 
menl  of  thit  digital  tyitem,  which  it  reliable  and  free  of 
instabilities  is  one  of  live  most  significant  achievement! 
of  the  SI  IH  H  team 

As  m  ant  servo  stem,  an  error  signal  mutt  be  genet 
ated  which  indicates  the  corrective  action  required  The 
h  i  Motor  servo  it  item  sortrparei  two  pul te  Upe  signals 
to  produce  an  error  signal  One  of  these  pulse  signals  it 
Ihe  constant  frequents  upper  linot  mitpul  Imm  ihe  conlrof 
c  It  is  k  that  contists  of  one  pulse  every  quarter  cycle  The 
other  pulse  type  signal  derived  from  (lie  counter  ss stern 
also  produces  a  pulse  every  quarter  cycle 

The  generation  of  the  error  crgnal  mas  be  visualized  hv 
considering  a  clock  lace  as  shown  in  figure  12  Suppose 
the  pulses  frsim  Ihe  control  cock  and  the  countet  occur 
precrselv  at  (X).  o  00.  *•  00  and  12  00  o'clock  II  at 
.f  00  o'clock  tlie  counter  pulse,  dsic  1st  a  sudsleo  increase 
hi  load,  is  behind  lire  control  clock  pulse  as  th<<wn  m 
figure  12.  llse  servo  system  raises  ihe  voltage  to  cause  ihe 
form  to  catch  up  If  the  counter  pulse  is  ahead  of  Ihe 
control  clock  pulse  due  lo  a  sudden  reduction  in  load.  Ihe 
voltage  is  decreased  lo  cause  the  rotor  In  slow-  dmvn  If 
the  two  pulse  Irams  are  exactly  in  step,  there  has  been  no 
change  tn  loading  and  no  error  signal  is  generated  and  llse 
voltage  is  maintained  constant 

Line  voltage  changes  ate  compensated  for  m  exactly 
Ihe  same  wav  It  the  lute  voltage  increases,  the  roloi 
speeds  up  and  Ihe  counter  pulse  gets  ahead  of  the  clcxk 
pulse  The  resulting  coot  signal  causes  Ihe  servo  lo  lower 
Ihe  vt'llage  and  leluin  Ihe  lotoi  speed  lo  ils  ptesenl  value 

There  arc  two  means  by  wlsxh  soilage  is  conliolled 
One.  lot  rapid  response  is  ihe  width  of  llse  squair  wive 
ansi  the  olher  for  grratri  range  in  eilliei  load,  line  voltage, 
speed  oi  all  Ihtee.  is  tlx  square  wave  amplitude  The  latter 
is  not  often  requited,  since  pulse  width  control  provides 
ample  variation  lot  most  applications 


Pll-SE  WIDTH  AND  PULSE  <  ENTERING  CONTROI 

The  width  of  the  squate  wave  is  vancd  lo  clfcvt  tasi 
control  Adiustnsent  and  centering  of  each  hall  cycle  of 
Ihe  square  wave  tanging  from  '*0  degree  on  time  lo  as  low 
ax  20  degree  on  lime  compensates  tor  changing  con 
ditinns 

Current  is  switched  "on"  ftn  ans  wmdingisEy  alter  two 
comlidont  have  been  met  Inst,  the  rotot  must  have 
passed  a  “4$°  psnnl"  as  indicated  by  Ihe  counter  system 
counting  hack  to  zero.  and.  second,  the  conirot  chxk 
must  have  pul  out  a  pulse  indicating  that  enough  lime  liac 
elapsed  for  a  quartet  cycle  of  rotation  to  occur  at 
maximum  cpecsl  II  the  motor  ts  running  below  maximum 
speed,  the  control  chxk  pulse  will  ixctir  Orel  and  when 


the  counter  system  readies  zero  at  a  "45°  point",  cutrcnl 
will  be  switched  on  to  the  appinpiiatc  coil  Foi  this  set  of 
conditions,  current  is  switched  off  for  one  coil  when  it  is 
switched  on  lot  the  olhei.  the  condition  is  llut  of  '>0 
device  on  tune  and  Ihetcsiilt  is  the  IK'  inode  ol  opcijlion 
Now  considei  the  condition,  shown  in  figure  13, 
wherein  the  motor  is  lending  to  run  laslei  than  the  selected 
maximum  speed  cither  because  the  load  was  teduced  or 
the  line  voltage  suddenly  increased  Ihe  counter  system 
will  indicate  the  passage  of  a  "45°  pomt"bcloie  the  control 
dock  puls  out  its  quartet  cycle  pulse  The  current  w  ill  not 
be  turned  on  until  alter  the  "45°  point"  has  passed.  The 
Kl  Motor  control  logic  measures  the  tunc  f  |  from  turn 
on  until  the  next  rcro  crossmg  is  reached  and  then  an 
equal  lime  later  Tv  turns  power  off  Thus  the  power  pulse 
is  centered  about  the  tmd  point  of  the  bjek  I  Ml  voltage 
Tins  arrangement  results  in  an  on  lime  condition  ol  less 
than  *>0  degrees  Hence  theie  is  a  petiod  of  tune  At 
about  the  "4S°  point"  when  neither  coil  is  conducting 
current  The  net  effect  of  the  control  is  a  very  laprd  re¬ 
sponses  to  load  changes  so  that  speed  is  maintained  at  the 
predetermined  level 


AMPLITUDE  CONTROL 

The  amplitude  of  the  square  wave  voltage  may  be 
changed  to  improve  speed  control  If  load  and  voltage 
changes  are  so  great  that  varying  the  width  of  the  square 
wave  between  20  degrees  and  ‘H)  degrees  will  not  maintain 
constant  speed,  amplitude  control  may  be  employed  II 
the  on  time  of  the  square  wave  approaches  **0  degrees,  the 
control  system  increases  the  amplitude  of  the  wave  in¬ 
crementally  to  maintain  ail  on  tune  s'f  slightly  less  than 
VO  degrees  Convciscly.  as  the  squaie  wave  width 
approaches  some  preselected  lower  limit,  such  as  20 
degrees,  the  amplitude  control  causes  an  mcramental  de¬ 
crease  of  amplitude  In  this  way  .  constant  speed  control 
can  be  pmvidt'd  over  a  wide  range  of  load  and  voltage 
variations  At  all  tunes  the  pulse  width  control  is  pro¬ 
viding  rapid  response  to  load  and  voltage  changes  It 
should  be  noted  here  that  for  applications  with  limited 
speed  and  hud  variations,  amplitude  control  may  not  be 
required 


SUMM  \RY 

The  K  I  Motor  starts,  accelerates  to  a  preselected  maxi¬ 
mum  speed  ami  operates  at  that  speed  regardless  of 
voltage  or  load  changes  with  the  'X)  degree  torque  jngle 
characteristic  of  the  IX'  motor  It  the  load  exceeds  the 
maximum  the  motor  is  capable  svf.  the  k  I  Motot  wilt  de¬ 
celerate  along  a  linear  speed-torque  curve. 

Tilts  operation  is  achieved  bv  applying  carefully  con¬ 
trolled  and  reguljted  square  waves  to  the  phases  of  a  svn- 
ch  unions  machine  Typical  waveforms  arc  shown  m  figure 
13  The  amplitude  ol  the  waves  and  the  Imn-on  and  turn¬ 
off  ps'tnis  arc  automatic  ally  controlled  hv  the  k  I  Motor 
to  give  optimum  pcrloimaiicc  Note  that  the  vquaic  waves 
arc  c-o'tcred  on  lire  *H)  degree.  INOdogtee.  27()  degree  and 
3h0  uegree  lines,  mid  |«omls  of  the  b.ivk  I  Ml  voltages,  to 
assure  a  ‘XJdcgrcc  loique  angle. 


The  solid  stale  logic  that  provides  the  desired  square 
wave  employs  digital  techniques  to  provide  accuracy  and 
assure  reliability.  A  tevetstble  counter  slatted  by  the  rein 
ctossing  of  the  back  EMK  of  the  motor  locates  the  "45° 
points"  and  a  master  clock  provides  a  reference  so  that 
the  control  logic  can  deled  and  correct  lor  small  changes 
in  speed  caused  by  changes  in  load  or  line  voltage. 

As  an  example  of  the  vcisjlilily  afforded  by  the  k-l 
Motor,  consider  an  application  that  requires  many  ran¬ 
dom  changes  in  loique  and  yet  icquucs  constant  speed 
operation  Instead  of  grossly  ovcr-si/.ing  the  motor  or 
adding  inertia  in  the  form  of  a  flywheel  as  would  now  be 
requited .  the  K-l  MofOl  would  simply  be  designed  with  a 
A  l  as  defined  by  l  iguie  13,  that  could  accomodate  the 
load  changes  The  loique  would  effectively  be  adjusted  to 
meet  the  demand  every  quarter  cycle  with  the  sactifice  of 
a  hiile  efficiency  Tilts  example  is  cited  only  to  illustrate 
the  extieme  vctxatihty  of  the  K-l  Motot. 


MOU*t  tj 


CONCLUSIONS 

The  k  1  Motor  employs  advanced  solid  stale  sensing 
and  logic  technology  to  control  the  switching  ot  IX’  power 
to  an  AC  sy  nchronous  machine  Uic  tcsull  is  a  motor  with 
uuprectmlenlcd  flexibility  With  only  minor  control  sys¬ 
tem  changes,  a  single  unit  can  he  operated  as  a  IX'  motor, 
a  stepper  motor,  or  a  speed  programmed  electromechanical 
control  unit  Almost  any  speed  torque  curve  beneath  the 
straight -hue  IX'  curve  can  be  attained.  The  development 
of  this  unique  motor  is  now  complete  and  many  tabora- 
loty  demonstrations  have  proven  the  concept  The  next 
step  is  production. 
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PULSED  HOMOPOLAR  GENERATOR  RESEARCH 
at  The  University  o t  Texas  at  Austin 
William  F.  Weldon 
Center  for  Electromechanics 


In  1972,  the  magnetic  fusion  community  identified  pulsed  power 
supplies  as  a  critical  research  issue.  From  a  $100  million  fusion, 
budget,  $62  million  was  proposed  for  power  supplies.  We  could  not 
afford  to  build  experiments  --  we  couldn't  even  build  power  supplies  for 
all  the  experiments.  Among  the  ideas  suggested  was  a  national  power 
supply  for  fusion  experiments. 

The  Center  for  Electromechanics  (CEM)  at  The  University  of  Texas  at 
Austin  concentrated  its  efforts  toward  slow  discharging  homopolar  machines. 
These  are  machines  in  the  hundreds  of  megawatt  to  gigawatt  power  level, 
one  second  discharge  times  with  output  current  ranging  from  0.5-3  million 
amps. 

One  advantage  of  the  homopolar  system  is  that  it  models  electrically 
as  a  capacitor.  We  can  use  either  a  critically,  or  slightly  over-damped 
RC  or  DC  discharge  into  a  load  and  no  interrupting  switches  arc  required. 

At  these  very  high  current  levels,  that  is  most  desirable. 

The  primary  application  was  charging  large  magnets  for  fusion 
experiments  and,  at  that  time,  no  real  emphasis  was  placed  on  weight 
since  these  were  fixed  power  plant  type  installations.  The  5  system 
weighs  17,000  pounds.  The  end  plates  of  the  stator  are  six-inch  thick 
plates.  We  left  the  corners  on  them  to  act  as  legs  for  the  generator. 
Strong  emphasis  was  placed  on  cost,  however.  After  reviewing  several 
systems  (systems  in  use  as  well  as  potential  systems) ,  it  was  apparent 
that  flywheel  energy  storage  was  potentially  the  most  economical  for 
long-range  pulsed  power  applications.  However,  the  conventional  motor- 
gene  rator- flywheel  sets  in  use  at  that  time  were  unattractive.  If  an 
alternator  was  used,  varying  frequency  during  the  discharge  resulted  in 
inefficiencies  in  the  rectifier-transformer  system.  With  the  dc  system 
the  commutation  problem  at  very  high  current  levels  is  difficult. 
Consequently,  homopolar  conversion  is  very  attractive.  The  flywheel  is 
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actually  the  rotor  of  the  homopolar  generator  and  inertial  energy  stored 
in  the  flywheel  is  converted  directly  to  electric  power. 

A  S  KJ ,  560,000  A  system  was  built  at  The  University  of  Texas.  The 
system  has  been  successfully  operating  for  the  past  four  years  and  now 
acts  as  the  power  supply  for  our  laboratory  experiments. 

A  basic  question  arose  about  the  time  the  slow  discharge  technology 
was  developing,  and  arose  again  in  the  fusion  field  because  of  the  need 
to  power  laser  flash  iampsj  namely,  what  is  the  fundamental  limit  to 
removing  the  energy  from  the  homopolar  machine  rotor?  After  studying 
the  stress  limitation  on  discharge  time,  we  arrived  at  the  configuration 
in  Figure  1.  Ultimately,  we  found  that  the  fundamental  limit  to  removing 
the  energy  is  the  magnetic  diffusion  time  in  the  rotor  and  stator  conductors. 
The  discharge  time  is  physically  limited  by  the  time  it  takes  for  the 
discharge  current  to  rise  in  the  rotor  and  stator  conductors. 

The  Fast  Discharge  Experiment  (FDX)  is  currently  undergoing  final 
testing  at  the  Center  for  Electromechanics.  FDX  weighs  only  1,000 
pounds  and  is  a  200  MW  pulsed  power  generator.  Compared  to  the  weight 
to  power  ratios  quoted  for  other  generators  at  this  conference  this  is 
a  0.005  lb/kW  generator,  or  5  lbs/MW.  FDX  was  designed  solely  to  explore 
the  fundamental  limits  to  discharge  time  for  homopolar  generators.  It 
was  designed  as  .in  experiment,  not  as  a  viable  power  supply.  It  stores 
approximately  one-third  of  a  HI  at  208  V.  It  is  a  16  farad  capacitor. 

As  compared  with  FDX,  the  CEM  5  MJ  machine  is  a  42  V,  5500  farad  capacitor. 

FDX  models  one  coil  and  two  discs  of  a  spool  type  homopolar  machine 
(Figure  2).  The  current  generated  by  the  two  counterrotating  disc-type 

rotors  comes  out  in  a  15"  diameter  coax.  The  peak  discharge  current  is 

almost  two  million  amperes  at  208  V.  The  rotors  are  aluminum.  The 
brushes  are  solid  sintered  copper  graphite.  The  performance  characteristics 
of  FDX  include  an  operating  surface  speed  of ''  <|50  m/sec  at  28,000  rpm. 

CEM  is  currently  testing  the  half-speed  short  circuit  discharge. 

< 

Both  rotors  are  predicted  to  stop  from  14,000  rpm  in  0.001  sec  at  a  peak 
current  of  1.88  MA.  In  the  second  millisecond,  the  rotors  reverse  to 
80%  of  their  speed,  i.e.  the  machine  is  of  low  enough  capacity  so  that 
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it  rings  on  its  own  internal  inductance.  To  operate  at  this  jx>wer 
iev'-l,  the  machine  requires  a  high  pulsed  magnetic  field.  This  pulsed 
field  is  provided  by  the  CLM  5  HJ  homo polar  generator.  For  portal>le 
applications,  a  superconducting  coil  would  be  required,  but  the  room 
temperature  coil  was  chosen  for  FDX  to  Keep  the  costs  low  and  to  expedite 
the  experiment.  The  5  hU  discharge  current  rises  to  360  KA  in  a  little 
over  0.1  sec  and  the  FDX  field  rises  to  3.7  tesla  in  about  170  msec.  At 
this  time,  the  FDX  discharge  switches  are  closed.  The  FDX  discharge 
current  rises  to  1.88  MA  in  about  750  nsec.  (Figure  3.)  Neglecting  the 
friction  due  to  bearings  and  brushes,  it  will  ring  on  its  own  inductance 
about  five  times.  Figure  3  also  shows  a  full-speed  discharge  into  a 
useful  load  of  200  to  275  pH  at  a  1.34  MA  discharge  level. 

Figure  4  shows  one  of  the  FDX  rotors.  It  is  a  modified  constant 
stress  disc  in  that  a  r im  has  been  added  to  run  the  brushes  on.  The 
bearing  journals  are  hard  anodized  aluminum  and  run  in  a  copper  lead 
hydrostatic  ben  mg.  Hydrostatic  bearings  were  used  to  give  the  very 
high  stiffness  required  (about  four  million  pounds  per  inch)  independent 
f  rotational  speed,  since  peak  current  and,  therefore,  {>eak  discharge 
forces  occur  at  zero  speed.  Figure  5,  looking  down  into  one  end  of  the 
machine  where  the  rotors  fit,  shows  the  brushes  on  the  outside  i»eriphery 
of  the  rotor,  as  well  as  one  return  conductor  and  its  corresponding 
inner  shaft  brushes. 

The  effective  discharge  torque  of  the  machine  is  so  high  that  it 
would  shear  a  shaft  of  the  same  diameter  as  the  rotor.  This  is  why  it 
is  impossible  to  use  motor-generator- f lywheels  at  these  power  levels, 
.since  we  actually  stop  the  rotors  with  body  forces  (J  x  B  forces  in  the 
rotor  material)  the  peak  stress  during  discharge  is  only  about  2,000 
psi. 

The  bearing  support  structure  (Fiqure  5)  is  non-magnetic  G-10 
epoxy-glasscloth  laminate,  but  it  maintains  an  overall  stiffness  of 
about  three  million  pounds  per  inch  at  the  bearing.  Since  the  two 
million  amp  current  rises  in  about  700  nsec,  doubts  concerning  the 
ability  to  close  a  switch  uniformly  around  the  discharge  coax  lead  to 
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the  development  of  four  very  fast-acting  switches  equally  spaced  around 
the  coax.  These  switches  are  on  stub  coaxes  and  longer  transmission 
lines  can  be  inserted  to  increase  the  inductance  of  the  discharge  circuit 
to  simulate  realistic  loads,  figure  6  is  a  picture  of  FDX  assembled  in 
place  in  the  magnetic  shield.  The  5  MJ  generator,  which  supplies  360,000 
A  of  pulsed  power  to  the  FDX  field  coll,  is  also  shown  in  Figure  7.  It 
is  a  four-turn  coil,  edge-wound  of  1-1/2"  x  3"  copper.  The  magnetic 
pressure  in  the  coil  is  approximately  1,500  psi.  There  is  an  epoxy¬ 
graphite  filament  wrap  on  the  coil  to  sustain  the  magnetic  pressure. 

The  prime  movers  for  the  rotors  are  air  turbines.  With  a  superconducting 
magnetic  field,  the  rotors  could  self  motor.  They  could  also  be  driven 
with  any  other  kind  of  prime  mover.  The  air  turbines  are  attractive  in 
an  aircraft  application  because  they  could  possibly  be  run  on  bleed  air 
from  the  turbines. 

In  support  of  the  homopolar  projects,  the  Center  for  Electromechanics 
has  expanded  its  research  efforts  into  several  other  areas.  Since  CEM 
was  running  a  pulsed  magnetic  field  of  very  high  field  level  with  a  fast 
rise  time,  we  developed  a  nonlinear,  transient  magnetic  field-mapping 
program  that  calculates  both  the  eddy  current  generation  in  all  the 
metal  components  of  the  machine,  and  the  stresses  and  thermal  effects  on 
these  machine  components.  CEM  also  has  a  controlled  atmosphere  brush 
tester  for  measuring  coefficient  of  friction,  wear  rates  and  voltage 
drop  for  sliding  electrical  contacts.  The  brush  tester  operates  at 
pressures  up  to  three  atmospheres  and  has  been  run  in  air,  carbon  dioxide 
and  hydrogen.  It  has  controllable  pressure,  temperature  and  relative 
humidity.  It  will  operate  at  450  m/sec  and  10,000  A/in.2.  With  the  5 
HJ  machine,  we  have  operated  the  brushes  at  15,000  A/in.2  for  0.7  sec 
pulses.  The  FDX  machine  will  operate  at  45,000  A/in.2  on  the  sliding 
contacts  for  one  msec  pulses.  CEM  frictional  heating  models  that  correlate 
with  the  5  MJ  and  brush  tester  data  predict  the  temperature  rise  at  the 
brush  interface  to  be  about  146*F.  Another  use  for  the  5  MJ  generator, 
which  is  becoming  quite  an  attractive  research  program,  is  in  welding 
applications.  Conventional  resistance  welding  power  supplies  are  limited 
to  100,000  A.  It  takes  about  50,000  A/in.  to  resistance  weld  steel. 
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Wo  are  now  welding  large  pipe  sections  and  have  designed  machines  large 
enough  to  weld  pipe  like  that  used  in  the  construction  of  the  Alaskan 
pipeline.  Welding  time  would  be  a  few  seconds  as  opposed  to  about  four 
hours  presently. 


- - .... 


THE  SE  .Ml. NT  ED  MAGNET  (SEGMAC)  MACHINE  DEVELOPMENT  PROGRAM 

Dr.  D.  L.  Greene 
Westinghouse  RfcD  Center 


For  sometime  now,  Westinghouse  has  had  a  program  sponsored  by  the 
Office  of  Naval  Research  to  develop  light-weight,  low  volume,  and  low 
cost  electric  machinery.  Specific  applications  under  investigation  have 
included  ship  propulsion.  This  program  has  as  its  objective  a  demon¬ 
stration  of  the  technology  required  to  achieve  high  power  density  to  the 
forty  thousand  horsepower  level  by  1979.  The  program  is  designated  the 
SEGMENTED  MAGNET  (SEGMAG)  Machine  Program.  The  basic  concept  of  these 
machines  incorporates  three  technologies  which  are  novel  to  propulsion 
machines.  First,  the  machines  are  water  cooled  to  increase  power  density. 
Second,  the  current  collection  portion  of  the  machine  operates  at  a 
very  high  current  density  by  conventional  standards,  using  liquid  metals 
or  solid  brushes.  Finally,  by  proper  selection  of  the  electromagnetic 
geometry,  the  size  and  weiqht  of  the  machines  is  reduced. 

The  program  was  initiated  with  a  configuration  similar  to  a 
simple  drum-type  homopolar  machine.  Later,  the  designs  were  segmented 
to  provide  machines  with  modular  construction.  These  machines  are 
characterized  by  rotor  conductors  rotating  in  a  radial  field.  The  flux 
path  is  shown  in  Figure  1  by  the  dotted  line.  Current  collection  is 
accomplished  at  the  ends  of  the  rotor  conductor.  There  is  a  compensating 
stator  winding  for  control  of  armature  teaction  and  to  provide  a  return 
path  for  series  connection  of  the  modules.  The  two  module  machine  of 
Figure  1,  for  example,  has  six  current  collection  sites. 

One  of  the  first  objectives  in  the  program  was  to  build  a  machine 
of  this  modular  type  at  the  three  thousand  horsepower  level.  The  machine 
in  Figure  2  was  constructed  with  liquid  metal  current  collectors,  and  the 
machine  was  tested  successfully  in  1975.  It  was  felt  that,  in  order  to 
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have  satisfactory  machines  of  this  type,  the  voltage  rating  must  be 
high  enough  to  make  them  more  attractive  for  a  system  application.  To 
increase  voltage,  investigation  of  the  compounding  of  turns  on  the  rotor 
was  initiated.  This  was  accomplished  with  series  and  parallel  connection 
of  circuits.  Current  is  taken  off  the  rotor  by  brushes  and  passed  to 
the  next  electromagnetic  turn  many  times  around  the  machine.  This  yields 
several  steps  of  increasing  voltage.  In  order  to  make  this  type  machine 
sufficiently  power  dense,  it  is  still  necessary  to  operate  at  a  very  high 
current,  because  even  with  this  voltage  compounding,  the  voltages  are  lower 
than  achieved  in  conventional  dc  machines.  In  order  to. achieve  a  practical 
machine,  the  brushes  used  must  be  very  high  current  density  solid  brushes, 
instead  of  liquid  metal,  since  switching  current  from  one  bar  to  the  next 
requires  a  solid,  rather  than  liquid,  contact. 

The  program  has,  as  its  technological  centerpiece,  the  development 
of  these  high  current  density  solid  brushes.  In  the  first  application,  we 
are  designing  and  constructing  a  three  thousand  horsepower  motor  and 
generator  for  tests.  Additionally,  preliminary  design  studies  for  a 
forty  thousand  horsepower  ship  system  have  been  undertaken.  The  detailed 
design  of  a  three-thousand-horse-power,  twin-drive  system  is  also  in 
progress.  This  drive  system  will  use  four  machines  and  demonstrate  the 
interaction  of  two,  interconnectable  propulsion  trains  in  a  laboratory 
setting,  similar  to  the  diagram  of  Figure  3. 

This  particular  program  offers  an  extremely  attractive  option  for 
the  Navy  of  the  future.  Westinghouse  has  worked  extensively  with  super¬ 
conducting  machinery,  and  it  is  apparent  that  such  equipment  certainly  is 
an  attractive  alternative  for  ultra-lightweight  applications,  where  the 
high  cost  can  be  justified.  Segmented  magnet  machines  with  water  cooling 
will  offer  substantial  promise  where  cost  prohibitions  exist,  but  where 
liqhtweight  machinery  is  sought.  Superconducting  machinery,  for  example, 
appears  favorable  for  surface  effect  ships,  while  SEGMAG  machines  will  be 
appropriate  for  displacement  ships,  submarines,  and  heavy  vehicle  drives. 

The  baseline  application  under  analysis  is  a  displacement  hull 
which  has  a  twin  screw  system.  It  is  nominally  a  two  thousand  volt. 


fifteen  thousand  ampere  system.  The  generator  has  been  rated  at  thirty- 
two  thousand  horsepower,  and  since  it  is  gas  turbine  driven,  it  is  uni- 
dire  t tonal .  The  forty  thousand  horsepower  motor  must  be  capable  of 
regeneration  and  reverse  operation.  It  operates  at  168  rpm.  For  this 
requirement,  the  typical  motor  characteristics  are  shown  in  Figure  4.  A 
forty  thousand  horsepower  machine  is  in  the  120-  to  150-thousand  pound 
class.  The  efficiency  at  full  load  is  about  97  percent.  Part-load 
efficiency  is  about  96  to  97%  at  the  ship's  established  cruise  condition. 

Of  interest  in  this  kind  of  a  machine  is  the  amount  of  brush  surface 
area  that  is  required.  On  the  motor,  it  is  approximately  810  square 
inches.  The  number  of  circuits  represent  the  number  of  turn  amplifications. 
There  are  four  segments  with  three  circuits  per  segment  in  the  generator, 
providing  twelve  voltage  amplifications.  The  weight  of  the  generator  is 
af>out  17  to  74  thousand  pounds  or  about  one-and-a-half  to  two  horsepower 
per  jound.  Hie  generator  has  a  full  load  efficiency  of  about  98  to  99%, 
and  the  size  of  the  brush  area  in  this  machine  is  about  192  square  inches. 

The  three  thousand  horsepower  machines,  presently  in  detailed 
design,  are  five  hundred  volt  machines,  and  the  generator  operates  at 
?600  rpm.  This  is  a  five  thousand  ampere  machine  operating  at  thirty-six 
hundred  rpm  at  a  rated  efficiency  of  about  97%.  The  motor  will  be  a  twelve 
hundred  r|nn  machine  with  a  rated  efficiency  of  about  96%.  When  construction 
of  these  two,  and  an  additional  two  machines,  is  completed,  they  will  be 
incorporated  in  a  laboratory  test  system,  incorporating  a  control  system, 
load  devices,  prime  movers,  and  the  four  machines.  Demonstrations  of 
parallel  operation,  reversing,  and  various  maneuvers  and  configurations 
of  the  machines  will  be  accomplished. 

There  are  four  major  development  areas  in  this  program.  First,  there 
is  the  development  of  high  current  density,  solid  brushes.  Second,  because 
current  is  switched  from  one  bar  to  the  next,  a  phenomenon  not  unlike  that 
in  a  commutator,  and  the  ability  to  predict  and  control  the  amount  of 
reactive  voltage  which  is  present  during  switching  is  important.  The  final 
two  areas  are,  perhaps,  more  engineering  than  development,  but  it  is 
necessary  to  use  an  air  gap  winding,  which  must  be  held  on  the  rotor  at 
very  high  tip  speeds.  It  must  also  be  a  stranded  and  transposed  conductor 
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with  a  very  high  packing  density  to  reduce  eddy  current  losses.  At  the 
same  time,  the  rotor  conductors  are  water  cooled.  Because  the  current 
density  of  the  brushes  is  so  high,  the  heat  from  the  brushes  must  be 
removed,  and  they  aust  be  applied  in  a  carefully  controlled  load  pattern. 

In  a  program  jointly  sponsored  by  DARPA  and  ONR,  a  good  deal 
of  long  duration  brush  tests  have  been  run  at  about  one-and-a-half  meg /amps 
per  square  meter.  This  is  the  equivalent  of  about  a  thousand  amps  per 
square  inch.  Previous  screening  tests  with  brushes  at  fairly  low  speeds 
have  been  in  the  range  of  2500  amps  per  square  inch.  In  a  long-term 
project  with  DARPA,  the  goal  is  about  five  thousand  amps  per  square  inch. 

It  is  expected  that  this  goal  can  be  met  with  a  multi-element  brush.  The 
brushes  that  will  go  into  machines  at  this  time  are  monolithic,  however. 

The  3000  hp  machines  are  designed  with  brushes  having  a  thousand  ampere 
per  square  inch  current  collection  capability. 

In  the  brush  testing  program,  two  high  speed,  high  current  density 
brush  test  rigs  have  been  built.  The  rig  shown  in  Figure  5  operates  at  a 
brush  sliding  speed  of  fourteen  thousand  feet  per  minute.  Figure  6  shows 
a  brush  holder  which  is  fully  instrumented  to  measure  the  voltage  drop  and 
the  dynamics  of  the  brush.  Figure  7  is  the  second  brush  test  machine. 

Both  of  these  rigs  have  water  cooling  directly  under  the  slip  ring  surface 
to  control  the  temperature  at  the  interface.  The  brush  test  rig  of  Figure  7 
is  capable  of  testing  four  rows  of  brushes.  It  is  virtually  a  drum-type 
hcxnopolar  machine  with  a  very  high  current  capacity,  capable  of  testing 
brushes  at  two  thousand  amps  per  square  inch.  It  is  chiefly  employed  for 
testing  the  load  sharing  of  a  multiplicity  of  brushes  around  the  ring. 
Twenty-four  brushes  can  be  applied  per  ring  in  this  machine. 

Operations  have  started  with  a  machine  constructed  to  demonstrate 
the  current  switching  phenomenon  and  verify  analytic  models  in  this  area. 

A  conventional  dc  machine  was  modified  and  fully  instrumented  as  a  test 
vehicle  for  current  switching. 

Major  program  milestones  include  complete  machine  construction  of 
the  first  two-three  thousand  horsepower  machines  in  1979  and  complete 
system  tests  in  1980. 
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FIGURE  4 


MAJOR  SYSTEM  COMPONENTS 
40,000  HP  MOTOR 


PHI  NO-PAL  CHARACTERISTICS: 

SPEED 
VOLTAGE 
CURRENT 
NO.  OF  POLES 
MACHINE  WEIGHT 

ROTOR  39,693  lb. 

STATOR  60,523  lb. 

SHAFT/BRNGS.  18,453  lb. 

CYLINDRICAL  VOLUME 

DIAMETER 

LENGTH  (B-B) 

ACTIVE  LENGTH 

BRUSH  AREA  (2000  APSI) 

FULL  LOAD  EFFICIENCY 

CRUISE  EFFICIENCY 


168  RPM 

2,000  V  (NOMINAL) 
15,000  A  (NOMINAL) 
18 

113,675  lb. 


630  ft^ 
127  in. 
37  in. 
50  in. 
810  in.2 
97.  OX 
96. 3X 
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FIGURE  5.  High  speed  brush  tester. 


FIGURE  6.  Water-cooled  brush  holder 
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Multiple  brush  test  rig. 


HIGH  POWER,  AIRBORNE  GENERATOR  MODELING  IN  THE  U.  S.  AIR  FORCE 
H.  L.  Southall.  Capt,  USAF 

U.  S.  Air  Force  Aero  Propulsion  Laboratory,  Nright-Patterson  AFB  OH  45433 

INTRODUCTION 

This  paper  describes  a  methodology  for  mathematically  modeling  high 
power,  airborne  electrical  generators  for  the  purposes  of  reducing  specific 
weights  (kg/kw  or  lb/kw)  and  improving  performance .  Modeling  of  genera¬ 
tors  and  power  systems  began  with  relatively  simple  analyses  and  has 
developed  into  the  present  use  of  computer-aided  design/simulation  (CAD/S) 
programs*  Types  of  U.  S.  Air  Force  (USAF)  high  power  generators  and 
their  operating  conditions  are  described.  The  different  kinds  of  models 
and  the  relationships  among  them  arc  discussed  and  finally,  future 
requirements  in  specific  areas  of  modeling  are  considered. 

USAF  HIGH  POWER .  AIRBORNE  GENERATORS 

Generators  of  primary  interest  include  salient  pole  wound-rotor, 
cylindrical  wound-rotor,  rare  earth  permanent  magnet  and  superconducting- 
coil  field  structures.  The  power  range  for  permanent  magnet  machines  is 
1  to  10  Megawatts,  and  10  to  30  Megawatts  for  superconducting  machines, 
with  specific  weight  goals  of  0.1  lb/kw  (.045  kg/kw). 

Mission  requirements  are  high  power,  pulsed  operation  as  shown  in 
Fig.  1  for  an  assumed  electrical  load  profile  of  S  MVA.  The  term  pulsed 
is  used  since  the  power  is  on  for  a  much  shorter  period  than  the  total 
mission  time.  A  comparison  with  a  load  profile  for  an  Advanced  Airborne 
Command  Post  (E4B)  is  shown  .  Each  high  power  "spike"  or  pulse  can  last 
for  seconds  or  tens  of  seconds,  and  may  require  direct  current  or  pulse- 
train  (hundreds  or  hertz)  current  operation.  The  electrical  load  consists 
of  a  primary  load  with  a  voltage  range  of  15  to  40  KV  and  a  secondary  load 
which  is  about  10  percent  of  the  primary  power  with  a  voltage  requirement 
of  about  150  KV.  The  power  split  occurs  in  the  power  conditioning  sub¬ 
system  between  the  generator  and  the  loads.  In  the  PC  case,  the  genera¬ 
tor  operates  into  a  rectifier  or  transformer/rectifier  and  filter 
depending  upon  the  design  voltage  of  the  generator.  In  the  pulse-train 


case,  tlu*  generator  operates  into  a  pulse  former.  The  load  seen  by  the 
generator  t-.  not  a  steady  state  sinusoid  in  cither  case,  due  to  power 
conditioning  switching  operations.  Operation  near  saturation  in  the 
magnetic  circuits  (for  maximum  power  per  pound  of  material)  and  transient 
loading  conditions  (including  load,  feeder  and  power  conditioning  faults), 
require  the  inclusion  of  saturation  effects  in  modeling  USA!-  high  power 
generators . 

KINDS  OF  MODELS 

three  kinds  of  generator  models  are  described.  The  primary  emphasis 
is  on  th<  electrical  performance  of  the  machine  since  the  mission  success 
depends  upon  the  delivery  of  high  qualit.  electrical  power  to  the  load. 

the  first  (and  simplest)  kind  of  model  is  a  weight  and  volume 
algorithm  (a  mathematical  expression)  which  expresses  the  weight,  volume 
and  geometry  of  a  generator  in  terms  of  input  variables  such  as  RPM, 
power  rating,  voltage,  rotor  tip  speed,  current  densities,  material 
properties,  magnet  strengths,  etc.  This  model  is  useful  for  comparing 
generator  (or  system)  concepts  and  foi  parametric  studies,  since  the 
model  requires  relatively  small  amounts  of  computer  time. 

Phe  second  kind  of  model  is  a  simulation  model  which  predicts  the 
dynamic  (time-varying)  performance  of  a  machine  for  given  system  operating 
conditions.  This  model  is  useful  for  predicting  performance  under  varying 
load  conditions  and  comparing  the  results  of  mathematical  models  with  test 
data  for  model  validation.  The  electrical  simulation  model  is  generally 
a  lumped  parameter  equivalent  circuit  consisting  of  resistances,  self  and 
mutual  inductances.  The  circuit  equations  can  he  formulated  and  solved 
for  instantaneous  voltages  and  currents  given  appropriate  initial  condi¬ 
tions.  input  parameters  and  load  conditions.  One  equivalent  circuit 
approach  (Fig  2a)  considers  self  and  mutual  inductances  which  vary  with 
rotor  position  relative  to  the  stator  because  of  differences  in  winding 

alignment  and  permeability  path  changes  with  the  relative  motion.  This 
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is  the  so  called  "direct  phase  variable"  equivalent  circuit  approach 
Another  approach  is  illustrated  in  Fig.  2b  where  a  coordinate  transforma¬ 
tion  applied  to  the  phase  variables  results  in  two  equivalent  "stator" 
windings  which  are  stationary  with  respect  to  the  field  windings'**3.  One 
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magnetic  axis  is  aligned  with  the  direct  magnetic  axis  of  the  field 
winding  and  the  other  one  in  quadrature.  Since  there  is  no  longer  rela¬ 
tive  motion,  the  self  and  mutual  inductances  in  the  equivalent  circuit  are 
independent  of  rotor  position.  The  resulting  circuit  equations  with  con¬ 
stant  coefficients  arc  referred  to  as  Park's  equations1^5.  In  either 
representation,  the  electrical  effects  of  damper  bars  or  other  closed 
electrical  paths  for  currents  on  the  rotor  structure  are  represented  as 
two  equivalent  windings  on  the  rotor,  one  winding  is  in  alignment  with 
and  the  other  in  quadrature  with  the  main  field  excitation  winding. 

One  of  the  problems  in  using  circuit  models  for  simulation  is  the 

accurate  determination  of  the  circuit  parameters.  There  have  been  several 

USAF  efforts  to  solve  this  problem  and  to  determine  the  sensitivity  of 

no 

predicted  transient  performance  to  changes  in  the  parameter  values" 

The  simulation  of  a  generator  operating  with  various  loads  such  as 
resistive,  open  circuit,  short  circuit,  unbalanced  and  a  rectifier  bridge 
has  been  accomplished  by  implementing  the  equivalent  circuit  of  Fig.  2a 
using  the  SCF.PTRC  (System  for  Circuit  Fvaluation  and  Prediction  of 
Transient  Radiation  Fffects)  circuit  analysis  program  to  predict  transient 
terminal  characteristics'.  The  SCEPTRF  simulation  program  in  Ref.  5  was 
also  modified  to  simulate  a  superconducting  generator. 

The  third  kind  of  model  is  the  design  model  used  to  generate  dimen¬ 
sions,  types  of  material  required  and  a  large  number  of  physical  parameters 
necessary  for  machine  fabrication.  The  starting  point  is  a  specification 
list  which  must  be  met  (within  tolerances,  of  course)  by  the  machine  to 
satisfy  mission  requirements.  The  specification  might  include  values  for 
weights,  time  constants,  or  inductances.  The  design  process  utilizes  math 
models  for  electrical,  magnetic  field,  thermal  and  mechanical  analyses. 

This  kind  of  model  is  the  most  complex  and  exacting  since  it  is  interdis¬ 
ciplinary  and  involves  different  "sub-models"  which  must  be  coordinated 
to  assure  that  the  machine  will  meet  specifications.  The  individual  sub¬ 
models  may  be  empirical  relations,  rule  of  thumb  or  more  sophisticated 
approaches  such  as  finite  element  modeling  and  other  CAD/S  tools  which 
relieve  the  designer  of  numerical  dog  work  and  free  him  to  concentrate  on 
physical  and  logical  ideas  and  concepts. 


MODELING  RELATIONSHIPS 


A  three  level  modeling  heirarchy  is  illustrated  in  Fig.  3  for  the 
progression  from  system  concept  to  the  detailed  design  of  a  generator 
which  will  satisfy  mission  requirements.  System  modeling  is  required  since 
the  generator  is  a  component  (subsystem)  and  must  be  designed  to  Interfax 
with  other  subsystems  for  successful  operation  of  the  entire  power  supply 
(the  system).  This  must  be  accomplished  with  stringent  weight  and  volume 
constraints  for  aircraft  applications. 

Hie  block  labeled  SYSTEM  MODEL  includes  weight  and  volume  algorithms 
and  a  system  simulation  model.  The  process  is  iterative  in  that  an  initial 
generator  "parameter  set",  «j ,  which  is  a  lis*  of  physical  dimensions; 

RPM;  frequency;  inductances;  time'  constants;  etc,  is  assumed  for  the  system 
models.  The  output,  Oj,  of  the  system  model  is  a  set  of  generator  "per¬ 
formance  measures",  8,.  which  is  .>  list  of  alternator  variables  such  as 
weight,  volume;  stability;  voltage  regulation;  heat  dissipation;  torque 
limits,  overload  capability;  fast  start  capability;  etc.  The  output,  Oj, 
is  compared  with  specifications  such  as  maximum  allowable  weight,  RPM, 
volume ,  etc.  If  the  specifications  are  met,  represented  by  YES  for  the 
logical  decision  l.(Oi),  then  a  more  detailed  model  of  the  alternator  is 
formulated  to  simulntc  the  dynamics  of  the  machine  using  a  new  parameter 
set.  u.,  to  obtain  a  more  accurate  performance  measure  set,  63.  Again, 
a  logical  decision  determines  if  the  specifications  are  satisfied  by  the 
generator  represented  by  the  parameter  set  «2.  If  the  measures  of  per¬ 
formance  are  satisfactory,  the  DESIGN  MODEL  is  initiated  by  implementing 
detailed,  sophisticated  and  experimentally  proven  design  models.  A 
logical  decision  based  on  performance  measures  predicted  by  the  design 
model  results  in  fabrication  go-ahead  if  the  measures  meet  specifications. 

A  change  in  the  parameter  set  and  a  return  to  system  modeling  is  required 
if  specifications  cannot  be  met. 

FirniRl  REQUIREMENTS  FOR  CAD/S  MAflMN't  MODELING 

A  list  of  areas  for  development  or  improvement  in  existing  state-of- 
the-art  modeling  approaches  is  given  in  this  paragraph.  Math  models  for 
discrete  damper  bars  have  been  developed;  however,  a  need  exists  for  more 
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accurate  modeling  of  cylindrical,  sleeve  type  damper  or  shield  members. 

The  improvement  of  present  models  by  including  magnetic  saturation  effects 
on  machine  parameter  values  is  also  required.  Finite  element  analysis 
programs  offer  promise  in  these  areas.  For  superconducting  generators, 
the  active  length  of  the  machine  can  be  small  compared  to  the  rotor  dia¬ 
meter,  therefore,  three  dimensional  computer  programs  must  be  used  to 
properly  account  for  effects  due  to  the  three-dimensional  nature  of  the 
problem.  In  more  general  terms,  requirements  exist  for  "optimized"  designs 
through  modeling;  modeling  of  machines  which  are  not  necessarily  three 
phase,  sine  wave  generators;  and.  simplified  models  (terminal  modeling, 
transfer  functions,  etc)  for  including  the  generator  as  a  component  in 
system  simulation. 
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FIGURE  1  Comparison  of  Hi Rh  Power  Pulsed  Loads  with 
Existing  High  Power  Loads  (E4B  Advanced 
Airborne  Command  Post) 


FIGURE  2  Generator  Equivalent  Circuits,  (a)  Hired 
Phase  Variables  (b)  Direct  and  Quadrature 
Circuit  Variables 
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EVOLUTION  OF  MACHINE  DESIGN  MODELS  * 
W.  j.  Shilling 

Westinghouse  Electric  Corporation 
Aerospace  Electrical  Division 
Lima,  Ohio 


THEN  AND  NOW  - 

This  discussion  might  be  more  aptly  titled:  "Electrical  Machine  Design  -  Then 
and  Now”.  The  "Then”  being  B.C.  -  Before  the  Computer  and  the  "Now"  being 
A.C.  -  After  the  Computer.  The  author  has  had  the  fortune  of  being  on  the  scene 
as  the  industry  passed  through  this  "international  dateline"  -  the  epic  milestone  - 
the  arrival  of  the  IBM  digital  computer.  This  arrival  was  in  the  latter  half  of  the 
decade  of  the  50's.  The  event  was  not  heralded  in  with  a  21  gun  salute.  It  was 
like  today' s  pocket  calculators  -  suddenly  you  noticed  they  were  here. 

Even  then  though  (as  sometimes  now)  the  computer  was  greeted  with  much  trepida¬ 
tion.  The  author  still  remembers  his  complete  skepticism  and  consternation  when 
he  was  assigned  the  task  of  designing  a  computer  program  that  would  calculate  a 
generator  no-load  voltage  saturation  curve.  How  could  a  computer  do  a  decent 
job?  It  had  no  french  curve  available  to  it.  It  certainly  couldn't  do  as  good  a 
job  as  a  man  because  it  had  to  deal  with  specific  points.  Recently  the  boss  that 
made  the  assignment  admitted  he  too  had  a  lot  of  reservations.  Other  engineers 
assigned  similar  tasks,  also  viewed  the  whole  matter  with  a  jaundiced  eye.  How¬ 
ever  the  computer  soon  proved  itself  by  showing  it  could  not  only  spit  out  no-load 
saturation  curves  with  alacrity,  but,  when  told  how,  it  could  actually  design 
generators  -  and  not  just  one  or  two  designs  for  a  given  application  but  tens  or 
hundreds  of  designs. 


*  Presentation  to  be  made  October  20,  1977,  at  Generators  and  Motors  Seminar, 
Air  Force  Aero  Propulsion  Laboratory,  Wright  Patterson  Air  Force  Base,  Dayton, 
Ohio,  45433 
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There  were  "fringe  benefits"  also.  The  author  was  told  by  the  computer  experts 
that  the  computer  doesn't  make  mistakes  -  at  least  he  wouldn't  likely  live  long 
enough  to  see  it.  And  sure  enough  two  decades  later,  the  author,  having  waded 
through  multitudes  of  his  own  programming  errors,  is  still  watching  and  waiting 
for  the  computer  to  make  its  first.  There  was  still  another  fringe  benefit  that 
had  nothing  to  do  with  rapid,  accurate  calculations.  The  computer  was  program¬ 
med  for  neatness.  It  always  gave  its  answers  very  neatly  typed  with  each  specific 
item  located  precisely  at  the  same  position  on  the  page.  This  meant  that  much 
detailed  information  was  readily  retrievable  at  the  glance  of  an  eye. 

But  enough  lauding  the  computer.  Let  us  telescope  back  to  the  B.C.  times. 

THE  GOOD -OLD -DAYS 

Back  in  the  early  1950’s  generator  design  was  approached  similarly  to  how  an 
artist  might  start  his  day.  A  calculation  figuring  book  was  opened.  The  engineer, 
with  compass  in  hand,  struck  an  arc  representing  a  new  stator  punching  outside 
diameter  (O.D.)  which  would  meet  the  customer's  envelope  requirements.  Next 
an  arc  was  struck  representing  the  rotor  punching  O.D.  This  was  a  first  try  and 
was  a  critical  diameter.  Then  a  specific  number  of  stator  slots  was  picked. 
Calculations  followed  yielding  such  things  as  stack  length,  pole  width,  field  turns, 
and  wire  size.  With  this  work  done,  the  designer  then  made  crucial  estimates. 
Would  the  stator  winding  cool?  Were  the  field  winding  losses  low  enough  that  the 
field  would  operate  below  critical  temperatures?  If,  for  example,  the  field  would 
not  cool,  there  was  one  thing  to  do,  get  the  compass  out,  increase  the  rotor  dia¬ 
meter  so  there  would  be  room  for  a  larger  field,  and  begin  calculations  again. 

Such  a  process  netted  one  design  in  one  or  two  days  -  not  including  performance 
calculations  such  as  voltage  unbalance. 
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All  of  this  really  was  not  as  rough  and  crude  as  It  sounds.  The  human  mind  Is 
a  pretty  good  computer  too.  Operations  such  as  eye-balling  in  the  correct  rotor 
diameter  was  an  art  learned  quickly.  Charts,  tables,  and  curves  were  used  to 
streamline  hand  calculations.  The  slide  rule  was  of  course  available  to  give 
"speedy”  multiplications  to  three  places.  Of  course,  the  number  of  designs 
considered  were  very  limited,  but  the  mind  could  sense  trends  quickly  and  not 
go  up  blind  alleys. 

Our  computer  program  does  approach  design  in  a  similar  fashion  as  discussed 
above  but  much  more  comprehensively.  To  get  a  feel  for  the  more  comprehensive 
approach  of  the  computer,  let  us  consider  some  before  and  after  calculation 
methods  for  certain  items  required  to  find  field  current  (or  mmf)  requirements. 


GENERATOR  EXCITATION  REQUIREMENTS 

To  determine  excitation  requirements,  it  is  necessary  to  determine  the  flux 
density  variations  throughout  the  flux  circuit.  Using  curves  of  mmf  versus  flux 
density  for  the  magnetic  steel  used,  the  total  mmf  is  then  obtained  by  summation 
of  the  mmf  drops.  As  the  flux  flows  through  its  circuit,  (figure  1),  it  gets  squeezed  at 
various  points.  One  such  point  is  in  the  stator  teeth.  At  the  stator  I.D.  the 
flux  density  is  high  but  diminishes  as  the  flux  moves  radially  outward.  When 
calculating  by  hand,  the  flux  density  is  usually  assumed  constant  throughout 
the  tooth  and  equal  to  the  density  one-third  the  way  up  from  the  tooth  root  (at 
the  stator  I.D.).  This  assumption  is  not  bad;  however,  it  is  usual  to  operate  the 
tooth  highly  saturated.  This  means  at  the  narrowest  portion  of  the  tooth  (at  the 
slot  wedge),  the  saturation  is  extreme.  The  computer  has  an  advantage  here 
through  a  more  thorough  approach.  Our  program*  cuts  the  tooth  length  includ¬ 
ing  the  wedge  zone  into  55  segments  and  calculates  the  mmf  requirements  of 
each  segment.  The  computer  also  makes  another  refinement  in  this  area.  The 


*  Calculation  methods  and  computer  programs  discussed  are  based  on  methods  and 
programs  at  Westinghouse  Electric  Corporation,  Aerospace  Electrical  Division, 
Lima,  Ohio 
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mmf  drop  across  the  radial  dimension  of  the  tooth  is  also  across  the  slot.  Using 
this  mmf,  the  program  calculates  the  flux  flowing  radially  through  the  slot  and 
adds  this  flux  tb  the  tooth  flux. 

Still  another  item  is  the  mmf  drop  in  the  back  iron  (between  the  stator  slots  and  the 
punching  O.D.).  In  hand  calculations  it  is  normal  to  assume  this  flux  is  sinus¬ 
oidally  distributed.  The  computer  on  the  other  hand  breaks  the  back  iron  into 
twelve  segments  for  each  pole.  The  teeth  and  air  gap  are  next  considered  as 
twelve  parallel  flux  paths  feeding  flux  into  the  back  iron.  In  this  manner  mmf 
drops  in  the  back  iron  are  calculated  using  the  actual  flux  distribution. 

Another  refinement  which  has  a  minor  effect  on  excitation  calculations  but  can 
be  significant  to  temperature  calculations,  is  the  eddy  current  factor  of  the  ac 
winding.  This  is  the  factor  by  which  the  dc  winding  resistance  must  be  multiplied 
to  obtain  the  high  frequency  skin  effect.  Determination  of  this  factor  is  not  simple 
and  was  rarely  done  in  the  days  of  hand  calculations  especially  since  it  usually 
was  not  critical  in  our  applications  at  that  time.  Now  the  computer  calculates 
the  factor  for  every  design. 

These  various  refinements  have  resulted  in  good  calculations  of  generator  excitation 
requirements.  There  are  many  variables  in  the  manufacture  of  machines  such  as 
punching  stacking  factors,  steel  permeability,  building  tolerances  but  in  general 
we  expect  the  computer  to  agree  within  3  to  5%  of  actual  field  current  requirements. 
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DESIGN  ASSURANCE 


Another  plus  for  the  computer  is  the  use  of  design  checks.  For  example,  In  our 
program  every  design  considered  is  automatically  checked  to  see: 

f  the  number  of  slots  chosen  is  wlndable, 

if  the  rotor  damper  bar  pitch  relative  to  the  stator  slots 
will  cause  excessive  damper  bar  losses, 

if  pole  face  losses  will  be  excessive, 

if  the  stator  slots  are  too  full  of  wire, 

if  waveform  meets  specification, 

if  critical  mechanical  stresses  are  excessive, 

if  end  extensions  of  ac  winding  are  likely  to  collapse 

together  on  a  three  phase  short , 

if  tooth  width  is  too  narrow  to  punch, 

if  voltage  unbalance  is  excessive, 
etc. 

These  design  checks  represent  a  real  design  assurance  policeman.  Who  knows 
how  many  goofs  the  computer  has  prevented? 


THERMAL  ANALYSIS 

One  Important  aspect  of  electrical  design  is  thermal.  Insulation  is  usually  the 
weak  thermal  link  in  a  machine.  In  the  good -old -days ,  simple  thermal  calcula¬ 
tions  were  made  based  on  temperature  drops  through  the  slot  cells  and  back  iron. 
Sometimes  even  a  simpler  approach  was  used  whereby  current  densities  in  the 
wire  of  proposed  designs  were  compared  to  densities  in  previously  built  machines. 
Today  at  Lima  we  have  programs  available  based  on  a  nodal  approach  to  thermal 
calculations  which  is  a  three  dimensional  approach. 


Figure  2  shows  the  basic  concept  of  the  nodal  approach.  In  this  approach,  the 
generator  is  broken  into  small  volumes  -  such  as  cubes.  The  geometric  center 
of  each  volume  is  considered  to  be  a  node  and  the  Initial  temperatures  of  all 
nodes  are  assumed  given. 

Assume  in  f  igure  2  that  Volume  No.  1  is  a  small  section  of  the  generator  ac 
winding  condutor.  Let  Volume  No.  2  be  the  next  segment  of  the  copper  wire, 
and  let  Volume  No.  3  be  the  back  iron  over  the  slot.  Vol.  1  is  a  segment  of 
copper  wire  carrying  current  so  heat  is  being  generated  in  this  volume.  Volume 
No.  2  is  Volume  No.  l's  neighbor.  Heat  can  flow  from  the  center  oi  Volume  No. 

1  (Node  No.  1)  to  the  center  of  Volume  No.  2  by  flowing  through  the  copper  wire 
connecting  these  two  nodes.  By  knowing  the  temperatures  at  Nodes  1  and  2, 
we  can  calculate  how  many  watts  are  flowing  between  Nodes  1  and  2.  (This  is 
done  by  using  the  thermoconductivity  of  copper.)  In  like  manner  we  can  find  the 
watts  flowing  between  Nodes  1  and  3.  (Again  this  is  accomplished  by  knowing 
the  thermal  resistance  between  Nodes  1  and  3.)  Continuing  this  process,  watt 
losses  to  all  of  Node  l's  neighbors  are  determined.  Having  already  calculated 
the  losses  generated  in  Volume  1  ,  the  net  residual  losses  can  be  obtained 
(generated  losses  minus  outgoing  losses).  These  residual  losses  will  heat  up 
Volume  No.  1  just  as  a  coffee  pot  heats  on  the  stove.  This  rate  of  temperature 
change  is  determined  using  the  specific  heat  of  the  material  in  Volume  No.  1 
(copper).  A  small  Incremental  time  such  as  .001  seconds  is  next  chosen  and 
temperatures  of  Volume  No.  l’s  neighbors  are  assumed  constant  during  this  time. 
The  temperature  of  Volume  No.  1  can  now  be  calculated  at  the  end  of  .001  seconds. 
In  this  manner  the  temperatures  of  all  nodes  can  be  calculated  at  the  end  of  this 
.001  second  time  increment.  Using  this  concept  then,  a  transient  temperature 
calculation  can  be  made  for  all  nodes  starting  with  Initial  given  temperatures. 

If  a  stabilized  solution  is  desired  ,  the  same  concept  is  used  except  in  this 
case  the  residual  heat  in  each  volume  is  zero  and  simultaneous  equations  are 
used . 
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Obviously,  the  above  approach  would  be  very  tedious  for  hand  calculations. 

The  computer  on  the  other  hand  loves  such  a  calculation  method  which  is  readily 
adaptable  to  “Do  Loop"  and  “If"  statement  programming. 

Lima  has  such  a  program  that  is  used  routinely  for  spray  oil  cooled  generators. 

It  uses  54  temperature  nodes  and  calculates  both  a  transient  and  stabilized 
solution.  (If  more  nodes  and  sophistication  is  desired,  such  programs  are  also 
available  using  as  many  as  400  nodes.)  Figure  3  shows  a  comparison  of  calcula¬ 
tion  (using  the  54  nodal  program)  versus  test  for  the  ac  winding  average  tempera¬ 
ture  transient  of  a  75  kVA  generator  with  a  6  second  line  to  neutral  short  circuit 
fault  applied.  The  curves  are  not  meant  to  imply  absolute  accuracy  of  the 
temperature  calculation  method  as  there  are  too  many  variables  involved  in  both 
the  calculation  and  test.  However,  it  does  give  a  feel  for  the  program  capabilities. 

VOLTAGE  TRANSIENTS 

Another  area  that  must  be  considered  by  the  electrical  designer  is  the  voltage 
transient  response  of  the  generator.  Before  computers,  the  approach  usually  was 
to  compare  the  machine  constants  of  a  new  design  with  constants  of  previously 
built  machines.  Using  these  machine  constants  In  the  form  of  ratios  and  charts, 
estimates  were  made  of  the  new  machine  transient  response.  This  method  is 
normally  a  good  approach  but  is  not  comprehensive.  The  method  failed  in  one 
particular  application  years  ago  and  required  a  major  generator  redesign  involving 
significant  time  and  money.  The  computer  was  on  the  scene  at  that  time  so  a 
program  was  initiated  to  calculate  voltage  transients  in  a  more  comprehensive  form. 


83 


/7\je/e/i6£ 

#-C  W/MO//V6 


+Jt  TH  b  ZCCOKtG  FAULT 


In  the  past,  voltage  transients  of  a  generator-regulator  system  were  significantly 
effected  by  the  response  of  the  regulator  (such  as  a  carbon-pile  regulator).  How¬ 
ever  today  with  solid  state  regulators,  the  response  of  the  regulator  is  so  fast 
that  the  regulator  can  be  considered  a  switch  that  instantly  turns  on  excitation 
to  the  exciter  field  once  the  output  voltage  is  below  regulated  voltage.  In  the 
voltage  transient  program  this  assumption  is  made. 

In  our  program,  the  approach  to  transients  is  similar  to  the  thermal  transient 
program  previously  discussed  in  that  small  incremental  time  elements  are 
assumed.  Also  the  basic  system  considered  is  a  brushless  generator  with  a 
solid  state  voltage  regulator.  I'eeder  Impedances  can  be  considered  by  adding 
the  feeder  impedances  to  the  generator  internal  impedance. 

Although  it  is  beyond  this  discussion  to  get  into  the  details  of  the  program, 
it  might  be  interesting  to  touch  upon  the  concepts.  (See  Figure  4) . 

Consider  the  case  of  load  removal.  At  the  instant  of  load  removal,  the  terminal 
voltage  suddenly  Jumps  because  we  suddenly  see  the  internal  generated  voltage 
(required  during  the  load  condition)  at  the  machine  terminals.  Since  the  load 
current  has  been  suddenly  removed,  however,  the  armature  reaction  has  dis¬ 
appeared.  This  means  the  rotating  field  current  suddenly  drops.  However  the 
voltage  supplied  to  the  field  from  the  exciter  does  not  significantly  change. 

There  is  now  an  inequality,  the  voltage  supplied  to  the  field  is  greater  than  the 
IK  drops  in  the  field.  This  inequality  must  be  corrected  and  this  is  done  by  a 
rate  of  change  of  the  main  generator  flux.  In  this  case  the  change  is  in  a 
direction  so  as  to  increase  the  main  flux.  This  rate  of  change  of  flux  flowing 
through  the  rotating  field  generates  a  voltage  across  the  field  that  corrects  the 
inequality.  This  can  be  expressed  in  equation  form  as: 
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Where:  ROV  *  rotating  rectifier  output  volts  with  the  exciter 

supplying  the  source  voltage 

I  *»  rotating  field  current 

R  ■  rotating  field  resistance 

N  ■  field  turns 

d®/dt  ®  rate  of  change  of  the  flux  through  the 

rotating  field 

A  similar  equation  is  applied  to  the  ac  exciter.  Using  a  small  time  increment 
and  the  above  equation ,  the  main  generator  flux  and  therefore  the  terminal  voltage 
can  be  determined  as  a  function  of  time.  By  the  use  of  "Do  Loops"  and  "If"  state¬ 
ments  the  computer  program  is  quite  versatile.  The  program  has  been  used  to 
calculate: 

Load  removal  and  application 

Short  circuit  removal 

No  load  buildup  and  decay 

Constant  impedance  buildup  and  decay. 

Figure  5  shows  calculation  versus  test  for  load  application  of  a  250  kVA  generator. 
Again  the  comparison  involves  many  variables  and  is  not  meant  to  show  inherent 
accuracy  (or  inaccuracy)  of  the  calculation  method.  (In  the  calculation  the  regulator 
is  assumed  to  turn  off  at  5%  below  rated  voltage  to  account  for  anticipatory  action 
of  the  actual  regulator.)  In  another  example  in  which  there  are  less  variables 
involved,  a  591  kVA  generator  was  suddenly  excited  with  a  constant  dc  voltage 
of  24  volts  supplied  to  the  exciter  field.  Tlgure  6  shows  a  comparison  of  test 
and  calculation. 
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CONCLUSIONS 


The  advent  of  the  digital  computer  has  certainly  aided  the  design  of  generators 
as  well  as  greatly  improved  the  prediction  of  their  performance.  Today,  most 
engineering  information  goes  (basically)  directly  from  the  computer  to  the  draw¬ 
ing  office.  Final  qualification  testing  almost  invariably  confirms  computer 
predictions.  The  net  result  has  been  to  significantly  reduce  the  engineering 
costs  of  design  and  development  while  greatly  improving  the  ability  to  custom 
fit  new  designs  closely  to  customer  specifications. 

The  story  is  of  course  an  on-going  one.  But  at  least  by  looking  back  once  in 
awhile  we  are  forced  to  realize  how  far  we  have  already  come. 
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MECHANICAL  FORCES  IN  DAMPER  SHIELDS  FOR 
SUPERCONDUCTING  GENERATORS 
J.L.  McCABRIA 

NEST INCHOUSE  ELECTRIC  CORP.,  AEROSPACE  ELECTRICAL  DIVISION 

Superconducting  generator  uses  a  rotating  electrical  shield  between  the  field 
winding  and  the  armature  to  Initially  exclude  and  slow  down  a  sudden 
demagnetizing  flux  from  the  armature.  Under  steady-state  condition  this 
shield  also  attenuates  asynchronous  magnetic  fields  and  prevents  a  strong 
ac  field  from  entering  the  superconducting  winding.  The  electric  shield  is 
a  necessary  component  which  keeps  the  superconducting  field  winding  from 
being  driven  normal. 

In  a  radial  gap  machine  the  shield  takes  the  form  of  hollow  cylindrical  shell. 

1.  Electric  requirements  demand  a  material  with  a  high  conductivity; 

2.  Mechanical  stresses  in  the  shield  demand  a  material  with  high 
strength;  and 

3.  Minimization  of  the  deformation  demands  a  material  with  a  high  modulus 
of  elastics . 

Both  aluminum  alloys  and  copper  alloys  have  been  considered  for  the  electrical 
shield.  Recent  conceptional  design  shows  that  the  shield  should  operate  at 
room  temperature  or  above.  The  losses  in  the  shield  will  place  excessive 
demands  upon  a  cooling  system  at  cryogenic  temperatures. 
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The  critical  problem  which  must  be  resolved  by  the  designer  of  the  shield  is 
to  obtain  a  structure  which  does  not  yield  when  subjected  to  electromagnetic 
forces  associated  with  faults  on  the  machine.  Initially  the  fault  forces  on 
the  rotor  are  experienced  by  the  shield. 

The  fault  force  field  has  unidirectional  tangential  component  and  a  unidirectional 
normal  component  of  force  which  varies  sinusoidally  around  the  shield. 

Since  a  thin  wall  cylinder  is  easily  deformed  by  a  sinusoidally  normal  component 
of  force,  this  shield  can  experience  large  bending  stresses  when  a  fault  occurs. 

I  shall  now  describe  a  model  1  have  used  to  calculate  the  stresses  in  a  shield 
when  it  is  subjected  to  a  harmonic  pressure. 


The  stress  distribution  for  a  cylinder  in  two-dimensional,  polar  coordinates  is: 


r  ik 


R  ^ 


<t>  *  *  C  R-,  O') 


Where  $  is  a  stress  function  expressed  in  terms  of  R,  ©  .  These  equations  are 
derived  from  static  equilibrium  of  an  element  rd  ©  by  .  In  order  to  obtain  a 
valid  solution  the  stress  functions  must  satisfy  the  condition  of  compatibility  - 
continuity  of  deformation  or  deformation  without  cracks  or  overlapping.  The 
compatibility  equation  in  polar  coordinates  is: 
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We  can  find  the  stress  distribution  for  a  cylinder  subjected  to  uniform  exterior 
pressure  (5^)  by  using  stress  functions: 


(^)  -  (L,  ( Li 


This  function  provides  the  familiar  equations  for  hollow  cylinders  under  external 
pressure: 
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To  find  an  analytical  solution  for  a  cylinder  subjected  to  a  harmonic  external 
pressure,  we  use  the  stress  function: 


Where  a,  b,  c,  and  d  are  coefficients  which  can  be  calculated  by  satisfying 
boundary  conditions. 
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Substituting  this  stress  function  into  Equation  (1)  gives: 
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Four  boundary  conditions  are  applied  to  determine  coefficients  a,  b,  c,  and  d. 


They  are: 
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It  we  let 
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and  solve  lor  coefficients  A,  B,  C,  and  D  they  become 
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Now  simple  equations  for  the  stress  intensities  due  a  harmonic  external 
pressure  tq 


Where 
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It  can  be  noted  that  2  sine  waves  cause  a  large  bending  stress  as  one 
would  expect  since  this  distribution  of  external  pressure  causes  the 
cylinder  to  flatten. 

The  stress  intensity  due  to  bending  decreases  rapidly  as  the  number  of 
sine  waves  increase  from  2  to  4  to  6  etc.  Also,  increasing  the  thickness 
of  the  hollow  cylinder  decreases  the  ratio  of  the  maximum  bending  stress 
to  the  crest  value  of  the  applied  external  stress. 

I  have  compared  the  stress  intensities  obtained  via  this  analytical  solution 
with  stress  intensities  calculated  using  curved-beam  theory.  I  found  the 
stress  intensity  calculated  by  the  solution  present  here  are  8  to  10  percent 
higher  than  one  would  calculate  using  a  curved-beam  model. 

Figures  2,3,  and  4  gives  the  stress  intensities  when  external  loads  of  the 
form  (1  +  cos  N  0)  are  applied.  In  a  SC  generator  N  is  equal  to  the 

number  of  poles  or  a  product  of  this  number. 

It  can  be  noted  from  Figures  (2)  and  (3)  that  it  is  possible  to  select  a  thickness 
for  the  shield  so  the  tensil  bending  stress  is  equal  or  less  than  the  uniform 
compressive  stress.  For  eight  sine  waves  this  occurs  when  the  thickness  is 
greater  than  10%  of  the  outer  radius.  A  similar  condition  exists  for  six  sine 
waves  when  the  thickness  is  greater  than  17%  of  the  out  radius. 
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A  sudden  change  of  the  phase  currents  in  the  armature  will  produce  a  change 
of  the  field  which  is  initially  excluded  from  the  field  winding  via  currents  in 
the  electromagnetic  shield.  As  the  shield  currents  decay,  the  armature  field 
will  penetrate  the  shield  and  a  new  dc  field  and  force  distribution  will  be 
established  in  the  field  winding.  During  the  transient,  forces  are  exerted  on 
the  shield.  Unidirectional  tangential  force  appear  which  equalize  the  torques 
on  the  stator  and  rotor.  A  unidirectional  crushing  force  acts  upon  the  shield 
when  the  armature  current  Increase  and  unidirectional  dilative  force  appear 
when  the  armature  current  is  suddenly  decreased. 

The  fault  currents  for  superconducting  generator  are  high  and  produce  large 
crushing  force  on  the  electromagnetic  shield  following  the  fault. 

The  components  of  normal  stress  resulting  from  a  three-phase  fault  from  open 
circuit  are  shown  in  Figure  (5). 


The  normal  stress  given  by  tins  equation  Is  made  of 

(1)  A  component 

which  independent  of 

of  angular  position  and  time; 


(2)  A  component  v 

*  (&Al.  g>p  -*-Z 

wliich  is  dependent  upon 

time  only; 


(3)  A  component 

(Svsg>p  +  8aS  )  ■*-v'e 

which  is  a  second  spatial  harmonic 

and  independent  of  time. 


(4)  A  component 

_(8«T©r  -+2 

which  is  a  traveling  wave  relative 
to  the  rotor  and  stationary  relative  to  the  armature ,  and 


(5)  A  component 

£>*r  C*-a,2.  -*•  *A©V) 

which  is  a  wave  traveling  at 

twice  the  speed  of  rotor. 
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The  net  results  of  all  these  components  to  produce  uniform  crushing  pressure 
around  the  shield  superimposed  upon  the  second  spatial  harmonic  which  has 
an  amplitude  equal  to  uniform  pressure. 


At  t*->  t  =  0  the  external  applied  stress  is  zero.  At  co  t  =  Tr 
applied  stress  is  a  maximum  and  has  the  form  of  P 
where  M  =  number  of  pole  pairs. 


,  the  radial 
(1  +  COS2M6) 
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Figures  (6)  and  (7)  illustrate  the  amount  of  electromagnetic  stress  that  can  be 
endured  by  a  copper  shield  and  by  an  aluminum  shield,  respectively.  The 
allowable  electromagnetic  stress  is  based  upon  a  reasonable  allowance  for 
centrifugal  stress  and  the  yield  strength  of  these  materials.  It  can  be 
noted  from  Figure  (6)  the  electromagnetic  stress  in  a  copper  shield  must  be 
limited  to  approximately  10,000  psi  if  the  surface  speed  of  the  shield  is 
570  fps.  On  the  other  hand,  an  aluminum  shield  with  a  surface  speed  of 
570  fps.  could  with  an  electromagnetic  stress  around  60,000  psi  without 
yielding.  Figure  (8)  shows  the  required  thickness  of  a  shield  as  a  function  of 
the  applied  external  magnetic  pressure. 


o 


An  analytical  solution  for  the  stresses  produced  by  a  harmonic  radial  load 
around  a  cylinder  has  been  obtained. 


This  solution  represents  an  exact  solution  for  the  boundary  conditions 
imposed  upon  the  problem. 

A  comparison  of  the  stress  intensities  obtained  from  the  exact  solution  and 
from  a  curved-beam  model  showed  good  agreement  -  within  90%.  However, 
the  curved-beam  model  must  be  used  with  prudence  or  an  incorrect  bending 
stress  is  obtained.  I  have  noted  stress  intensity  in  the  literature  based 
upon  a  curved-beam  model  which  appears  to  be  in  error. 

The  compressive  stress  due  to  the  uniform  pressures  around  a  shield  should 
not  be  neglected  for  4,  6,  and  8  pole  machines.  This  compressive  stress 
offsets  a  significant  portion  of  the  harmonic  stress. 

An  AL  of  Cu  alloy  can  be  used  for  a  shield  if  the  rotor  has  four  or  more  poles. 

The  thickness  required  to  withstand  a  three  phase  fault  appears  to  be  reasonable. 

Up  to  this  point,  1  have  only  considered  the  thickness  of  the  shell  from  the 
standpoint  of  withstanding  the  normal  fault  forces.  The  diffusion  time  and 
the  attenuation  of  the  synchronous  field  impact  upon  the  shield  dimensions 
as  previously  discussed  by  Dr.  Parker. 

Under  steady-state  operation  forced  vibration  of  the  shield  will  be  produced 
by  the  electromagnetic  forces.  The  cylinder  must  be  designed  so  the  frequency 
of  the  natural  modes  of  vibration  under  rotation  do  not  coincide  with  the  fre¬ 
quencies  of  the  electromagnetic  forces.  The  frequency  of  the  natural  modes 
of  motion  are  a  function  of  the  density,  radius,  and  the  thickness  of  the 
shell.  Thus,  the  selection  of  the  dimensions  of  the  shield  must  be  made 
on  the  basis  of  vibration  and  electromagnetic  considerations  as  well  as  its 
ability  to  withstand  the  fault  forces. 
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MODELING  OF  SUPERCONDUCTING  GENERATORS  WITH  RECTIFIED  OUTPUT 


T.  A.  Stuart 

The  University  of  Toledo 

The  research  described  in  this  presentation  is  concerned  with  modeling  the 
superconducting  alternator  with  a  rectified  output.  As  indicated  in  the  first 
sl.’de,  the  design  goal  of  this  program  is  to  produce  power  supplies  operating 
in  the  range  of  50  MVA  at  60  kV.  Needless  to  say,  this  is  considerably  above  the 
upper  power  level  of  present  day  airborne  power  supply  systems.  The  block  diagram 
in  the  first  slide  shows  the  turbine,  alternator,  rectifier  bridge,  LC  output 
filter,  and  the  load. 

The  second  slide  lists  some  of  the  machine  characteristics,  but  most  of  these 
have  been  covered  in  more  detail  by  previous  papers.  One  point  should  be  stressed 
however ,  and  that  is  the  need  for  the  cylindrical  damper  shield  located  between  the 
field  winding  and  the  stator.  From  an  electrical  standpoint,  the  primary  purpose 
of  this  shield  is  to  prevent  the  inducement  of  AC  currents  in  the  superconducting 
field  winding.  This  is  particularly  important  in  a  rectified  application  since  the 
stator  currents  induce  fields  that  revolve  with  respect  to  the  rotor,  even  in  the 
steady  state. 

The  third  slide  indicates  a  rather  simple  schematic  representation  of  the 
alternator  connected  to  a  rectified  load.  The  alternator  is  modeled  by  a  two  pole 
machine,  regardless  of  the  actual  number  of  poles.  The  rotor  diagram  shows  one 
winding  to  represent  the  superconducting  field  plus  direct  and  quadrature  axes 
windings  to  represent  the  effect  of  the  damper  shield  (as  discussed  by  Dr.  Parker 
earlier  this  afternoon).  The  output  of  the  machine  is  connected  to  a  full  wave 
rectified  bridge,  which  in  turn  is  connected  to  a  resistive  load  throuqh  the  output 
filter.  Note  that  the  model  indicates  the  possibility  of  an  AC  component  in  the 


field  current  (i^)  which  I  will  discuss  further  in  a  moment  (the  DC  component  of 
tlie  field  current  is  denoted  by  1^) .  The  model  predicts  a  value  of  if  which  is 
relatively  small;  as  pointed  out  in  an  earlier  paper  however,  i^  may  actually  be 
zero  if  the  correct  parameters  are  used. 

The  standard  model  for  the  alternator  is  to  consider  the  machine  as  six 
mutually  coupled  inductive  circuits.  The  inductance  matrix  is  shown  in  slide  4. 

This  matrix  indicates  all  of  the  self  and  mutual  inductances,  including  those  of 
the  damper  shield. 

The  fifth  slide  indicates  the  output  voltage  ind  current  waveforms.  There  are 
two  intervals  that  we  are  concerned  with.  The  first  is  the  1-2  interval  which  we 
refer  to  as  the  conduction  interval,  and  the  second  is  the  2-3  interval  which  is 
referred  to  as  the  commutation  interval.  The  conduction  interval  refers  to  the 
period  where  only  2  phases  conduct.  In  the  commutation  interval  all  3  phases  conduct 
simultaneously.  Since  the  filter  inductor  maintains  a  constant  load  current,  you 
have  a  constant  current  in  one  phase,  one  phase  is  turning  on,  and  the  last  is 
turning  off  during  the  commutation  interval.  The  commutation  angle  is  indicated 
by  u,  and  the  angle  at  which  commutation  starts  is  indicated  by  8.  Although  the 
diagram  indicates  a  8  of  90*.  it  will  actually  be  greater  than  this  when  the  machine 
is  loaded.  One  other  variable  of  interest  is  the  coimnutation  current,  i^. 

A  number  of  aspects  were  considered  in  the  process  of  modeling  this  machine,  but 
today  I'd  like  to  concentrate  on  the  determination  of  the  steady  state  solution. 

Slide  6  indicates  the  approach  which  was  used  along  with  some  of  the  approximations. 

First  of  all  we  assume  the  average  output  voltage,  the  average  load  current,  and 
the  mechanical  speed  remain  constant.  One  possibility  for  finding  the  steady  state 
solution  would  be  to  derive  a  set  of  nonlinear  differential  equations  from  the 
inductance  matrix  and  use  an  integration  routine  to  find  a  numerical  solution.  A 
much  easier  approach,  however,  would  be  to  use  the  method  indicated  by  item  3  on 
the  slide.  In  this  approach  we  first  assume  that  the  flux  linkage  of  each  rotor 
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circuit  remains  constant.  This  type  of  formulation  actually  was  proposed  several 
years  ago  for  conventional  machines  by  Dr.  Paul  Franklin  of  the  University  of  Missouri. 
Basically  what  we  have  done  is  taken  the  same  approach  as  Franklin  and  applied  it  to 
the  superconducting  machine,  while  makinq  some  changes  in  the  computational  process. 

Using  this  approach  we  come  up  witli  a  set  of  five  nonlinear  simultaneous  equations 
with  five  variables.  The  variables  and  equations  are  shown  in  slides  7  and  8,  respec¬ 
tively  (the  coefficients  for  the  equations  are  shown  on  slide  9).  These  five  equations 
can  be  solved  by  some  numerical  technique  such  as  the  Newton-kaphson  algorithm  out¬ 
lined  on  slide  10.  I  haven’t  given  any  indication  as  to  how  these  five  equations 
were  dei  ived,  but  this  is  shown  in  another  paper  which  I'll  mention  at  the  end  of  the 
presentation. 

To  solve  these  five  equations  by  the  Newton- Raphson  method,  there  is  one  catch 
in  that  we  have  to  find  a  satisfactory  starting  point,  x^.  Finding  this  startinq 
point  is  somewhat  of  a  problem  because  it  is  difficult  to  physically  interpret  the 
W  and  V  variables,  which  are  integral  functions  of  the  commutation  current.  Because 
of  this,  it  is  difficult  to  estimate  lust  exactly  what  initial  values  should  be  used 
for  these  two  variables.  On  the  other  hand,  6,  p  and  1^  have  an  obvious  physical 
interpretation,  moaning  that  adequate  initial  values  could  be  predicted.  However, 
instead  of  trying  to  guess  any  of  the  initial  values,  it  is  much  easier  to  use  a 
version  of  Franklin's  equations  to  find  an  approximate  starting  point.  These  arc 
shown  in  slide  11. 

This  brings  up  the  primary  difference  between  Franklin's  analysis  and  the  one 
used  here.  Franklin's  original  paper  uses  a  linear  approximation  for  the  confutation 
current,  i^,  that  involves  a  linearization  factor,  K.  It  turns  out  that  the  value 
of  K  is  load  dependent  and  varies  from  0.5  to  0.9.  This  means  that  Franklin's  method 
requires  that  8,  u,  1^.,  W,  V  and  K  must  all  be  evaluated  in  order  to  determine  the 
final  solution.  In  the  approach  used  here,  K  is  set  equal  to  1.0  simply  to  find  an 
initial  starting  point.  This  value  of  K  is  adequate  for  this  purpose,  even  though  it 


would  not  be  sufficient  for  a  final  solution.  Once  a  starting  point  is  determined 
from  the  equation  on  slide  11,  the  five  equations  on  slide  8  can  be  iterated  to 
find  the  final  values  of  8,  u,  I ^ ,  W  and  V. 

Slide  12  indicates  some  of  the  other  variables  of  interest  that  are  included  in 
this  model.  The  first  of  these  is  an  expression  for  the  comnutation  current,  i^. 

Next  is  an  expression  for  the  AC  component  or  the  field  current,  i^.  However,  it 
turns  out  this  calculation  is  very  sensitive  to  sliqht  errors  in  the  inductance 
parameters.  Because  of  this  sensitivity,  the  accuracy  of  this  equation  is  highly 
questionable.  This  also  relates  to  Dr.  Parker's  earlier  comment  regarding  a  con¬ 
straint  on  the  values  of  the  machine  inductances.  If  this  constraint  were  met 
exactly,  the  term  (defined  on  slide  9)  would  be  equal  to  zero,  indicating  i^  «  0. 
Tw  other  variables  that  can  be  calculated  are  the  currents  in  the  equivalent 

direct  and  quadrature  axes  windinqs  which  represent  the  damper  shield  (i.  and  i  ). 

d  q 

These  expressions  are  shown  on  slides  12  and  13. 

The  last  two  expressions  on  slide  13  indicate  the  instantaneous  value  of  the 

voltage  at  the  output  of  the  rectifier  bridge,  vq.  The  first  expression  is  for  the 

conduction  interval,  and  the  second  is  for  the  commutation  interval.  One  of  the  main 

problems  in  this  study  was  to  obtain  the  minimum  weight  LC  filter  for  a  given  amount 

of  ripple  voltage  at  the  load.  Using  these  last  two  expressions,  it  is  possible  to 

write  a  Fourier  series  to  obtain  the  harmonics  of  v  . 

o 

Next  I  would  like  to  comment  on  a  few  of  the  results  from  our  computer  simula¬ 
tions.  These  results  are  based  on  the  same  Westinghouse  superconducting  alternator 
that  was  described  in  some  of  the  earlier  papers  presented  at  this  s<yninar.  The 
inductance  values  and  simulated  loading  conditions  are  shown  on  slide  14.  These 
inductance  parameters  were  calculated  by  Westinghouse  and  supplied  to  us  by  the 
Air  Force. 

Slide  15  shows  a  plot  of  the  DC  field  current,  If,  vs.  the  load  current,  1^. 
Slide  16  shows  a  plot  of  8  and  u  vs.  I  .  This  indicates  that  8  increases  from  90* 

id 
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to  about  100*  as  I  increases  from  no  load  to  full  load  (1420  A.D.C.).  Likewise 

tl 

it  increases  from  0®  at  no  load  to  about  35*  at  full  load.  Slide  17  stiows  a  plot 

of  the  first  three  AC  harmonics  of  v  vs.  I,  . 

o  L 

The  last  slide  (18)  indicates  some  of  the  references  which  were  used  in  this 
study.  Reference  (1)  includes  the  details  of  the  derivations  while  |2)  describes 
the  original  work  by  Franklin.  Reference  (3)  is  one  of  several  papers  describing 
the  Westinghouse  superconducting  machine  used  in  the  simulations. 
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1-3  ■  Conduction  Interval 
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Figure  2.  Output  Voltage  and  Current 
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Slide  «6 


Angle  at  which  commutation  starts 


Slide  *7 


Five  steady  state  equations 


(Coefficients  defined  on  next  page) 
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(6*  V/»)sin9 
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l[_  (amps) 


Figure  V.  @  and  A  vs 
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Peak  Value  of  v0  Harmonics  (vol 

o  160  320  480  640 


Figure  5.  Harmonics  of  v0  vs.  Il 
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COMPUTER  SIMULATION  OF  A  6-KVA  AIRCRAFT 
ALTERNATOR  AND  COMPARISON  OF  TEST  RESULTS 
C.H.  LEE 

Ai RESEARCH  MANUFACTURING  CO.  OF  CALIFORNIA.  TORRANCE.  CA 

Recent  generator  applications  call  for  accurate  predictions  of  sub¬ 
cycle  transient  responses.  The  conventional  approach  of  using  transient  and 
subtransient  reactances  and  time  constants  is  no  longer  adequate  for  this 
Kind  of  transient  analysis.  The  U.S.  Air  Force,  in  1975,  awarded  a  contract 
to  the  A i Research  Manufacturing  Company  of  California,  to  test  and  to  model 
in  a  digital  computer  a  6  KVA  aircraft  generator  under  transient  load 
cond i t ions. 


full-scale,  larger-rat i ng,  lightweight  alternator  designs  previously 
conducted  by  AiResearch  for  the  Air  Force.  A  secondary  objective  of  this 
*®rk  was  to  demonstrate  the  ac  resonant  loading  concept. 

The  alternator  model  adopted  by  AiResearch  is  the  coupled-circuit 
configuration  with  lumped  constants  approach.  The  stator  of  the  alternator 
is  modeled  by  the  actual  three  phase  windings  rather  than  Its  equivalent 

9”*  and  O-component  circuits.  This  is  because  the  actual  phase  quantities 


FIGURE  I.  Alternator  Model 


Since  inductances  are  affected  by  saturation.  Equation  1  can  be  written  as 


Definitions  of  the  symbols  and  matrixes  can  be  found  in  Appendix  I. 

Accuracy  of  the  performance  prediction  depends  on  the  accuracy  of 
the  alternator  constants  used  in  the  above  differential  equations.  AiResearch 
Mfg.  Co.,  through  years  of  experience,  has  developed  a  computer  program  to 
calculate  alternator  constants  that  can  produce  good  steady  state  performance 
predictions.  These  constants  were  also  used  in  this  model  analysis. 

The  alternator  under  consideration  has  a  round,  solid  rotor.  Uneven 
slotting  gives  a  slight  saliency  to  the  machine.  Damping  effect  comes  from 
eddy  currents  induced  in  the  solid  rotor  structure. 

Tne  sell  and  mutual  inductances  of  the  armature  windings  can  be  approxi¬ 
mated  by  the  following  expressions  (the  saliency  is  approximated  by  a  double* 


frequency  sinusoidal  term.) 

I  *>  l  ♦  L  cos  2  a>t  (3) 

aa  s  m 

L. .  ■  l  •*■1  cos  (2  a»t  ♦  120)  (4) 

DD  S  m 

l  »  L  ♦  L  cos  (2  *t  -  120)  (5) 

cc  s  m 

M  ■  H  ■  -M  -  L  cos  (2  <**t  ♦  60)  (6) 

ab  be  s  m  ' 

M.  ■  H  .  ■  -M  +  L  cos  2  ait  (7) 

be  cb  s  m 

M  -  M  -  -  M  -  L  cos  (2  ait  -  60)  (8) 

ca  ac  s  m 

where  at  is  expressed  in  electrical  degrees. 


Tne  mutual  inductances  between  field  or  damper  windings  with  armature 


windings 

vary  wi 

th  rel 

lat i ve  w 

ind  i 

ng 

positions.  This 

variation  is  approximated 

by  a  sinusoidal 

funct 

ion.  The  posit 

.  i ve  direct  ion  of 

the  quadrature  axis  is 

taken  as 

90°  ahead  of 

that  of 

the 

di 

rect  axis. 

\f  " 

"fa  " 

maf  cos 

ait 

(  9) 

Mbf  “ 

Mfb  3 

"af  cos 

(ait 

- 

120) 

(10) 

Mcf  " 

Mfc  3 

"af  cos 

(0)t 

♦ 

120) 

(11) 

M.0d  * 

MDda 

3  "add  1 

cos  ait 

(12) 

Mb0d  “ 

MDdb 

3  "add  ' 

cos 

(ait 

-  120) 

(13) 
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cos  ("t  ♦  120) 


(14) 


Hc0d  "  HDdc  "  MAD0 


"aDq  "  H0q.  "  HADQ  ^  *  90) 

Mb0q  "  V  *  MA0Q  ~S  <•*  *  30) 

Mc0q  “  M0qc  "  HADQ  COS  <“'  *  2,0> 


Other  mutual  inductances  are 


Mf0d  "  M0df  "  *  const*nl  "F00 


M .  =  M.  .  -  0 

fDq  Oqf 


MDdi)q  "  MDqDd  "  ® 


Calculations  of  the  self  and  mutual  inductances  as  well  as  the  saturation 
effects  are  given  in  Appendix  II. 


Two  approaches  were  used  to  solve  the  set  of  differential  equations 
describing  the  six-circuit  model:  (I)  the  SCEPTRE  program  and  (2)  an 
Ai  Research  program. 

Equation  (2)  can  be  written  as: 

<S  *  '"s'  dt  '  *  3T  1  *  dfv  E 


orfiere 


df  _  df  d(HMF) 
dt  "  d(MMF)  ‘  dt 

d(HMF)  _  _  d  (MMFd)  HHFq  d  (MMFq) 

dt  MMF  *  dt  +  MMF  *  dt 


d  (MMF 


v.th  \th 

t  dt  af  dt  2  L  dl 


dib  d'c 


COS  Ult  + 


4  -gY  COS(u)t  -  120)  ♦  COS  (lift  ♦  120) 

-  uu  £i^  sin  *t  4  I  ^  sin  (tut  -  120) 

4  i  ^  sin  (tut  4  1 20)  j 


d  (MMFq) 
dt 


di_  k,fdi  diu 

k  -  -Si  \tA  sinvt  +  57*  ,1 


[dt 


af  dt 

d  i 

+  si  n  (wt  +  1 20) 

dt 


sin  wt  +  dt  sin  (u)t  -  120) 


kaf  . 

'a 

m 


cos  itt  +  'b  cos  (*t  -  120) 

(25 


♦  i£  cos (wt +120) 

Substituting  equations  (48)  through  (50)  into  equation  (47) 

d  i .  d  i 


di  di.  di  di-  di_. 

3T  -  ca  7T  +  cb  7T  4  CC  7T  4  cf  7r*c0d-5r  4Coq-^  +  c 


*  c 


Let 


then 


Cf 

d(MMF) 

MMF 

MMf  * 


f 


MMF 


a  P 

MMF  q 


/  f 

C  f  — —  (P.  cos  uut  -  P  sin  u>t) 
a  2  d  q 

C  *  f'  Ip,  cos  (ait  -  120)  -  P  sin  (nit  -  120)1 

b  2  1  d  q  J 

C  *  f'  Ip  cos  (ait  ♦  120)  -  P  sin  (nit  ♦  120)1 

c  2  |  d  q  J 


'  *  f 

P  kaf 

Do 

d 

“  -  f* 

P  kaf 

Dq 

q 

-  -f 

*  -  r  ii 

X 

"TV 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 


P  i  sin  mt  ♦  i  sin  (wt  *  120) 
d  d  b 


♦  •  sin  (wt  +  120) 

♦  '£  cos  (wt  +  120) 


♦  P  *  coswt  +  i.  cos (wt-120) 

q  a  5 


(35) 


SCEPTRE  PROGRAM  APPROACH 

£f 
dt 


df  d  1 a 

Since  —  contains  derivatives  of  state  variables  (i.e.,  — — ,  etc.)  the 

df  ~  dt 

term  —  M  i  must  be  included  in  SCEPTRE  as  a  fictitious  voltage: 
dt  s' 

(E|  4  f"s)  df  4  "  (E  ‘  f  ^  "s  df  1  '  V)  (36) 

Iteration  and  numerical  integration  can  then  be  carried  out  like  an 
ordinary  SCEPTRE  problem. 


U0 


A I  RESEARCH  PROGRAM  APPROACH 


Let 


(37) 


then 


where 


11  -  ,  .7  li  +  r  h 

dt  s 1  C  dt  CX  s 


CaV. 

V. 

CcY! 

CfY! 

Dd  1 

CDqVl 

CaV2 

CbV2 

CcY2 

CfV2 

CDdY2 

SqY2 

lev, 

a  3 

CbV3 

CcY3 

CfY3 

CDdY3 

C0qY3 

Ca\ 

CbV4 

CcV4 

CfY4 

C0dY4 

CDqV4 

CaY5 

CbY5 

CcY5 

CfY5 

CDdY5 

CDqV5 

V6 

CbV6 

CcV6 

CfY6 

C0dY6 

CDqV6  . 

(38) 


(39) 


and  C^  is  given  in  Equal  ion  (60) 

Equal  ion  (46)  then  becomes 

(T,  ♦  fHs  ♦  C)  U  ■  E  -  V  -  ( *  ♦  f  ♦  CxMs)  I  (40) 

A  modified  Euler  technique  can  r>ow  be  used  to  integrate  and  solve  this 
set  of  differential  equations.  The  matrix  C  is  in  general  nonsymmet r i ca I  , 
and  is  added  to  the  symmetrical  inductance  matrix  (Lj  ♦  fMs) .  The  resultant 
matrix  is  therefore  also  nonsymmet r i ca I .  This  is  the  basic  reason  the  SCEPTRE 
rogram  cannot  solve  Equation  (40). 

Since  no  circuit  change  is  allowed  in  SCEPTRE,  the  thyristor  switches  are 
simulated  by  resistors  that  change  in  value  depending  on  the  direction  of 
current  flow.  This  requires  extra  computer  time  to  iterate  into  Current 
values.  It  also  results  in  leakage  currents  through  resistors  that  do  not 
actually  exist.  This  current  leakage  decreases  the  accuracy  of  the  solution. 

The  AiResearch  program  needs  no  iteration.  It  actually  simulates  the 
switching  phenomena  and  also  uses  much  less  computer  time  than  the  SCEPTRE 
program. 


Figures  2,  3,  and  4  are  computer  plots  of  transient  response  for 
cases  of  suddenly  applied  load,  single  line  to  ground  fault  and  one  line 
open  respectively.  The  dotted  lines  show  the  envelopes  of  the  test 
results.  As  can  be  seen  from  the  figures,  the  transient  performance 
predicted  by  the  model  is  in  reasonable  agreement  with  the  test  results. 

It  is  therefore  concluded  that  the  above  described  model  can  be 
used  to  predict  the  sub-cycle  transient  performances  of  a  3-phase  alternator. 
The  formulas  for  calculating  machine  inductances  are  also  adequate  for 
transient  analysis  purposes. 

To  design  an  alternator  for  a  specific  transient  application,  the 
nodeling  technique  described  in  the  paper  should  be  used  as  a  tool  in 
addition  to  the  traditional  procedures. 

The  SCEPTRE  program  developed  by  the  Air  Force  is  capable  of  solving 
the  a  I ternator/load  model  cases  and  can  do  so  with  good  accuracy;  but  the 
computer  time  requirement  is  somewhat  excessive.  The  AiResearch  program 
is  shorter  and  faster. 

More  detailed  discussion  can  be  found  in  the  report,  Number  AFWL-TR-75-66, 
Addendum  2,  "Subs, stem  Design  Analysis  Report  for  Lightweight  Alternator  (Mode) 
Alternator  Test  and  Computer  Simulation)",  June  30,  1976,  prepared  for  Air 
Force  Special  Weapons  Center,  Kirkland  AFB,  New  Mexico  87117,  Contract  No. 

F2 960 1- 74 -C -0055. 
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APPENDIX  1 

NOMENCLATURES  AND  MATRIXES 

The  matrixes  in  Equation  l2)  of  the  main  paper  are  as  follows 
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(1*7) 


«lso  dV 


(1-9) 


Conventional  alternator  design  programs  calculate  the  direct  and 
quadrature  machine  constants  such  as  X  X  ,  X  X’  ,  X''^,  x'  »  xjjd»  Xp  > 

W  XDq.’  X2'  V  Xfl  "*  Lff' 

as  well  as  a  predicted  no-load  saturation  curve.  From  these  values,  the 
following  unsaturated  nwichine  inductances  can  be  obtained; 

Direct  axis  inductance,  H 
lq  Quadrature  axis  inductance,  H 

l  (  Armature  leakage  inductance  per  phase,  H 

L ' ^  Direct  axis  transient  Inductance,  h 

l".  Direct  axis  subtransient  inductance.  M 

a 

l"  Quadrature  axis  subtransient  inductance,  H 

<1 

Ip.  Direct  axis  damper  winding  inductance,  H 

Quadrature  axis  damper  winding  inductance,  H 
Direct  axis  damper  winding  leakage  inductance,  H 
L,,(  j  Quadrature  axis  damper  winding  leakage  inductance,  h 

Negative  sequence  inductance,  H 
Lq  Zero  sequence  Inductance,  M 

L’j  |  Field  winding  leakage  inductance,  in  terms  of 

armature,  H 

Field  winding  se I f- inductance  (in  its  own  term).  H 


The  inductances  and  resistance  of  the  alternator  mode  I  are  as  follows, 
•'These  inductances  can  be  derived  from  the  direct  and  quadrature  axes  induc¬ 
tances  listed  above). 

Self  inductance  of  armature  winding  phase  A,  M 
l..  Self  inductance  of  armature  winding  phase  6,  H 

DO 

l  Self  inductance  of  armature  winding  phase  C,  M 
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V\ 


M  .  .  M^ 
ab  bd 

be  *  cb 

M  ,  M 
cd  ac 


M  ,  .  M. 
af  fa 


M  ,, 
bf  fb 


M  .,  M_ 
cr  fc 


M  -  M„. 

aDd  Oda 


MbOd’  *Ddb 


M  M„  . 

cOd  Ddc 


M  -  ,  M„ 
aDq  Dqa 


MbOq‘  *Dqb 
McOq*  *Dqc 


Mf  Dd ’  MOdf 


Mutual  inductance  between  armature  windings  A  and  B,  H 

Mutual  inductance  between  armature  windings  B  and  C,  H 

Mutual  inductance  between  armature  windings  C  and  A,  H 

Self  inductance  of  field  winding,  in  its  own  term,  H 

Self  inductance  of  direct  damper  winding,  in  armature 
terms,  H 

Self  inductance  of  quadrature  oamper  winding,  in 
armature  terms ,  H 

Mutual  inductance  between  field  and  armature  winding 
Phase  A  .  H 

Mutual  inductance  between  field  and  armature  winding 
Phase  B,  H 

Mutual  inductance  between  field  and  armature  winding 
Phase  C,  H 

Mutual  inductance  between  direct  damper  and  armature 
winding  Phase  A ,  H 

Mutual  inductance  between  direct  damper  and  armature 
winding  Phase  B,  H 

Mutual  inductance  between  direct  damper  and  armature 
winding  Phase  C,  H 

Mutual  inductance  between  quadrature  damper  and 
armature  winding  Phase  A,  M 

Mutual  inductance  between  quadrature  damper  and 
armature  winding  phase  B,  H 

Mutual  inductance  between  quadrature  damper  and 
armature  winding  Phase  C,  H 

Mutual  inductance  between  field  and  direct  damper 
wi nd ings ,  H 

Armature  winding  leakage  inductance,  same  for  all 
three  phases,  H  (portion  of  the  armature  inductance 
not  subject  to  saturation) 

Field  winding  leakage  i nduc t ance  ( i  n  its  own  term),  H 
Direct  damper  winding  leakage  inductance,  H 
Quadrature  damper  winding  leakage  inductance,  H 
Armature  winding  resistance  per  phase,  ohms 
Field  winding  resistance,  ohms 


RDd  Direct  damper  winding  resistance,  ohms 

r  Quadrature  damper  winding  resistance,  olrns 

Dq 

The  mutual  inductances  between  the  field  and  the  quadrature  damper  as 
well  as  between  the  direct  and  the  quadrature  damper  windings  are  assianed  to 
be  zero  even  though  the  saturation  effect  would  cause  same  slight  coupling 
between  them. 
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The  machine  constants  in  Equations  (3)  through  (18)  can  be  obtained  from 
the  direct  and  quadrature  axes  inductances  as  follows: 


s  d  q  o 


"s  -  1/2  (Ls  -  L0) 


Sn  -  2/3  («-d  *  Ls  '  \> 


maf  “VI  Lff  (Ld-  L‘d> 


(II-1) 

(11-2) 
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(L^  is  in  field  terms,  not  in  terms  of  the  armature) 

Lct  kaf  “  effective  turns  ratio,  armature  (one  phase  only,  not 
three-phase  equivalent)  to  field. 


MADD  *  kaf*AF 
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The  value  of  can  be  obtained  by  solving  the  following  quadratic 

equat ion. 
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The  smeller  root  is  used,  which  is  the  physical  solution.  This 
quadratic  equation  comes  from  the  relation; 

1  lPdHAf  '  2HFDDHADDMAF  *  LffHAD0  (II-B) 

<1  "  2  .  ,  .  N2 

LDdLff  "FDD 

In  a  stolid  rotor  alternator  without  pole  face  type  damper  winding,  the 
subtransient  component  decays  very  rapidly.  Using  one  damping  winding  on 
each  direct  and  quadrature  axis,  a  good  compromised  open-circuit  subtransient 
time  constant  is  1/3  cycle.  In  a  400-Hz  machine. 
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In  this  experimental  alternator  with  round  rotor  construction  it  is  consi¬ 
dered  reasonable  to  use  one  saturation  factor  for  all  inductances.  The 
saturation  factor  is  determined  by  the  resultant  HHF  (field  ampere-turns  plus 
the  armature  reaction). 

The  resultant  HMF  can  be  resolved  into  two  components,  MHF^  along  the  direct 

axis  and  MMF^  along  the  quadrature  axis.  Armature,  field,  and  direct  damper 

currents  contribute  to  HMF,.  Armature  and  quadrature  damper  currents  contribute 

o 

to  MMF^ .  The  HMF  produce  by  any  armature  phase  current  is  pulsating  in 
magnituce  and  stationary  in  space.  This  HMF  can  be  resolved  into  two  opposite- 
revolving  MHF's,  each  with  one  half  the  magnitude  of  the  pulsating  HHF.  The 
forward  revolving  component,  which  is  stat ionary  with  respect  to  the  rotating 
field,  is  the  armature  reaction  component.  The  three  backward  revolving 
components  of  the  three  phases  will  cancel  each  other  In  the  case  of  a 
balanced  load.  In  case  of  unbalanced  load,  the  resultant  HHF  will  revolve 
with  double  speed  relative  to  the  field  structure.  The  contribution  of  this 
double-speed  HHF  to  saturation  of  inductances  is  ignored  in  the  analysis. 
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If  the  MMF's  are  expressed  in  terms  of  equivalent  field  amperes,  and 
at  time  zero,  the  field  axis  coincides  with  the  axis  of  armature  winding 
phase  A,  the  instantaneous  values  of  MMF^  «nd  MMF^  can  expressed  in  terms 
of  the  ins tantaneous  currents  as  follows: 


(II-II) 
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As  mentioned  previously,  the  positive  direction  of  this  quadrature 
axis  is  assumed  to  be  90  deg  ahead  of  that  of  the  direct  axis.  The  resultant 
MMF  can  then  be  obtained: 
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(1 1-13) 


With  unbalanced  load  and  during  transient,  these  MMF's  vary  with 


time.  From  the  no-load  saturation  curve  and  the  air  gap  line,  a  saturation 
factor  can  be  defined  from  Figure  1 1  —  1  such  that  at  a  certain  resultant  MMF  of 
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sat  AC 


Since  in  general,  MMF  is  a  function  of  time,  the  saturation  factor  is  also 
a  func  t ion  of  time. 

The  saturated  inductances  are  obtained  by  multiplying  the  unsaturated 
inductance  by  the  saturation  factor.  For  instance,  the  saturated  self-inductance 
of  armature  winding  phase  A  is: 


(II-H) 


where  is  leakage  inductance  and  is  for  practical  purposes  not  subject 
to  saturation. 
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PARAMETER  IDENTIFICATION  OF  A  SYNCHRONOUS  MACHINE 


Owen  T.  Tan 

Electrical  Engineering  Department 
Louisiana  State  University 
Baton  Rouge,  LA  70803 


In  predicting  armature  transients  of  a  synchronous  generator  connected 
to  an  isolated  load  through  solid  state  devices,  a  higher-order  model  of 
the  generator  is  to  be  employed  where  it  is  customary  to  use  standard  param¬ 
eter  values  obtained  from  established  field  tests1.  The  accuracy  of  some 
parameter  values,  however,  is  generally  far  from  satisfactory,  particularly 
due  to  inherent  errors  of  the  graphical  method  applied  in  the  parameter  cal¬ 
culation  and  the  effects  of  measurement  noise.  This  parameter  inaccuracy 
is  likely  to  caune  large  discrepancies  between  simulation  and  field  test 
results. 

The  extent  to  which  the  output  variables  of  interest  are  affected  by 
parameter  inaccuracy  was  investigated  by  a  sensitivity  analysis  study2 **, 
where  the  output  sensitivity  with  respect  to  parameter  variations  is  eval¬ 
uated.  The  numerical  results  of  the  sensitivity  analysis  applied  to  a 
ealient-pole  aircraft  generator  showed  that  the  output  sensitivity  to  param¬ 
eter  changes  is  greater  for  a  capacitive  than  an  inductive  load,  and  such 
that  it  increases  with  a  more  leading  load  power-factor.  Furthermore,  for 

a  capacitive  load,  X’,  X”  and  X"  are  the  dominant  parameters  greatly  af- 

d  d  q 

fecting  the  output  behavior.  Since  the  accuracy  of  these  parameter  values 
obtained  by  conventional  tests  is  not  satisfactory,  a  method  is  needed  to 
determine  these  parameters  much  more  accurately. 

The  method  presented  here  utilizes  the  parameter  estimation  technique 
as  known  in  modern  control  theory  and  which  is  based  on  the  following  prin¬ 
ciple.  Applying  the  same  input  signal,  the  response  of  a  real  system  is 
compared  with  that  of  the  system  model  of  a  given  structure.  The  model  pa¬ 
rameters  are  iteratively  determined  such  that  the  difference  between  the 
output  behaviors  of  real  system  and  model  reference  is  a  minimum. 

In  applying  the  parameter  estimation  method  to  the  synchronous  genera¬ 
tor*'*,  the  input  signal  is  chosen  to  correspond  with  the  sudden  short- 
circuit  test  of  the  real  synchronous  generator.  Furthermore,  the  armature 
short-circuit  currents  and  the  field  current  are  assumed  to  be  the  only  ob- 
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servable  output  variables.  The  coefficients  of  the  generator  state-space 

model  are  expressed  in  the  standard  machine  parameters  X.,  X',  X",  X„,  X  , 

d  d  d  Jo  q 

Xg*  Ra*  Tdo*  Tdo  and  Tqo’  These  parameters,  ten  in  total,  will  be  deter¬ 
mined  simultaneously. 

The  procedure  in  estimating  the  parameters  is  pictured  in  block-diagram 

form  shown  in  Fig.l.  The  synchronous  generator  is  excited  by  a  constant 

field  voltage  v^  and  the  generator  is  then  subjected  to  a  sudden  short-circuit 

test.  The  observed  (generally  noise-corrupted)  armature  current  ir  (A)  is 

a  be 

first  divided  by  its  base  value  i  (since  the  model  is  expressed  in  the 

B 

per-unit  values),  after  which  transformed  into  its  d,q,o  components.  The 
observed  (also  generally  noise-corrupted)  field  current  i^(A)  is  first  sub¬ 
tracted  by  its  value  if  (A)  before  short-circuit,  then  divided  by  its  base 
value  i^  .  The  iterative  computation  of  the  parameters  is  started  by  chosing 
a  set  of  initial  estimates  in  the  model  equations,  which  are  then  excited  by 
an  input  signal  equal  to  minus  the  known  no-load  voltage  E  of  the  real  gene¬ 
rator  before  short-circuit.  Then,  using  the  state  and  output  response  data 

•  r  •  r 

ir1 ,  1^  and  i^  of  the  model  toqether  with  the  processed  output  data  i  and  if 

of  the  real  generator,  the  machine  parameter  estimator  computes  off-line  a 

new  set  of  parameter  values  which  is  fed  back  to  the  model  equations.  The 

model  response  to  the  same  input  signal  is  then  recorded  again  and  with  the 

r  *  y 

same  string  of  processed  output  data  of  the  real  machine,  iJ  and  i.  ,  the 

dq  f 

parameter  estimator  computes  another  new  set  of  parameter  values.  This  com¬ 
putation  procedure  is  repeated  again  and  again  until  no  significant  change 
occurs  in  any  of  the  parameters. 

The  estimator  based  on  the  W (eighted) -L (east) -S (quares)  method*  was  im¬ 
plemented  to  the  same  aircraft  generator  used  in  the  output  sensitivity  anal¬ 
ysis  study.  Here,  the  generator  was  simulated  by  a  model  of  the  same  struc¬ 
ture  as  that  of  the  model  reference  with  parameter  values  as  given  by  its 
manufacturer.  Thus,  in  this  case,  the  true  parameter  values  are  known.  The 
numerical  results  showed  that  for  initial  estimates  of  the  parameters  between 
40%  and  200%  of  their  true  values,  all  parameters  converged  to  their  true 
values  within  a  few  iterations.  A  typical  sample  of  the  convergence  behavior 
for  initial  estimates  chosen  at  random  is  visualized  in  graph  form  in  Fig. 2, 
where  the  ratios  of  estimates  to  true  values  are  plotted  versus  the  number 
of  iterations.  It  is  observed  that  all  parameter  estimates  nicely  converge 
to  their  true  values  within  1%. 


The  effect  of  output  noise  on  the  WLS  estimation  was  also  investigated5 
since  in  practice  the  measurement  can  be  noise-corrupted.  Noise  was  added 
to  the  simulated  generator  output  with  standard  deviations  of  5%  of  the 
magnitude  of  the  steady-state  short-circuit  currents  and  field  current.  The 
accuracy  of  the  WLS  estimation  is  indeed  affected  as  shorn  in  Fig. 3  where  a 
maximum  error  of  13%  was  found.  However,  by  applying  the  M(aximum) -L(ikeli- 
hood)  method5  using  apriori  Knowledge  of  the  noise  statistics,  the  estimation 
accuracy  is  significantly  improved  as  shown  in  Fig. 4  where  the  maximum  error 
is  only  2.5%. 

From  this  study,  the  following  conclusions  can  be  summarized.  (1)  In 
the  numerical  example,  no  convergence  problems  have  been  encountered,  at 
least  not  with  initial  estimates  within  the  interval  from  40%  to  200%  of  the 
true  values.  Similar  results  were  obtained  for  different  sets  of  parameter 
values  typical  for  large  machines.  For  initial  estimates  outside  the  above- 
mentioned  interval,  the  algorithm  may  diverge,  in  which  case  a  different  gain 
matrix  in  the  estimator  equations  can  be  attempted.  (2)  The  estimator  proved 
to  be  accurate  and  effective,  recalling  that  the  complete  set  of  parameters 
is  simultaneously  obtained  from  the  data  of  a  single  short-circuit  test,  where 
it  is  not  even  necessary  to  reach  the  steady-state  condition.  (3)  The  test 
procedure  was  properly  chosen.  Another  test  may  not  be  satisfactory,  e.g., 
one  with  short-circuited  armature  winding  and  then  applying  a  step-function 
field  voltage  was  found  to  be  no  good  since  the  subtransient  behavior  of  the 
armature  currents  is  practically  not  noticeable  so  that  a  much  larger  esti¬ 
mation  error,  slower  convergence  rate  or  even  divergence  can  occur  as  indeed 
has  been  observed. 
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DISCUSSION 


Q:  In  the  graphs  showing  the  convergence  behavior  of  the  algoritta,  the 
ratios  of  estimates  to  true  values  are  plotted  versus  the  number  of 
iterations.  How  were  the  true  parameter  values  found? 

A:  In  the  case  considered  here,  the  generator  was  simulated  by  a  model 
having  the  same  structure  as  that  of  the  model  reference  and  parameter 
values  as  given  by  the  manufacturer .  Thus,  these  values  are  functioning 
as  the  true  parameter  values  of  the  real  machine. 

Q:  What  values  for  the  initial  parameter  estimates  should  generally  be  used 
in  the  practical  implementation  of  this  method? 

A:  The  parameter  values  provided  by  the  machine  manufacturer  or  obtained  by 
conventional  tests  can  be  used  as  initial  parameter  estimates. 

Q:  Will  the  estimation  method  be  successful  if  the  initial  estimates  are 
much  different  from  their  true  values? 

A:  For  initial  estimates  sufficiently  far  from  their  true  values,  e.g., 
outside  the  interval  from  40*  to  200*  of  their  true  values ,  the  algorithm 
converges  slower  and  may  even  diverge.  However,  by  taking  initial  es¬ 
timates  equal  to  the  parameter  values  obtained  from  reference  tables, 
design  data  or/and  conventional  tests,  convergence  problems  are  not  like¬ 
ly  to  occur. 
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HIGHER  ORDER  MODELLING  OF  SOLID  IRON 
ROTOR  TURBOGENERATORS 

D.R.  Brown  P.C.  Krause 

Energy  Systems  Simulation  Laboratory 
School  of  Electrical  Engineering 
Purdue  University 
West  Lafayette,  Indiana  kJ307 

Detailed  models  of  large  solid  Iron  rotor  turbogenerators  which  Include 
the  effects  of  eddy  currents  In  the  solid  Iron,  machine  saturation  and  un¬ 
equal  mutual  coupling  tend  to  become  quite  complex.  The  so-called  Jackson 
Winchester  Model  (Ref.  1)  Is  an  example  of  the  amount  of  detail  possible. 

This  model  Is  difficult  If  not  Impossible  to  Incorporate  In  time  domain  simu¬ 
lations  and  Is  used  primarily  as  a  machine  design  tool.  The  systems  analyst 
must  generally  resort  to  simpler  models  for  which  machine  data  Is  readily 
available.  Typically,  this  Implies  use  of  a  model  with  one  damper  winding 
represented  In  the  direct  axis  and  one  or  two  damper  windings  represented  In 
the  quadrature  axis.  ANSI  Standard  C^.IO  time  constants  and  reactances  do 
not  provide  the  necessary  Information  to  specify  the  parameters  of  models 
more  detailed  than  these.  Nevertheless,  there  Is  evidence  that  these  stan¬ 
dard  models  do  not  perform  adequately  In  certain  Instances  where  models  only 
slightly  more  complex  do.  For  example,  It  has  been  shown  (Ref.  2)  that  a 
simple  modification  which  takes  Into  account  the  difference  In  mutual  coupling 
between  rotor  to  rotor  circuits  and  rotor  to  stator  circuits  can  significantly 
Improve  computational  accuracy  when  field  circuit  variables  are  of  Interest. 
Use  of  the  so-called  standard  models  can  lead  to  errors  (factor  of  ten)  In 
these  variables. 

Perhaps  the  most  detailed  model  In  use  for  time  domain  simulations  is 
the  one  described  In  Ref.  3.  This  model  Is  shown  In  F|g.  |.  It  Is  derived 
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Three  possible  machine  representations  were  studied  In  some  detail: 

1.  A  model  w'th  two  quadrature  axis  damper  windings  denoted  the  MC 
model . 

2.  A  model  with  one  quadrature  axis  damper  winding  determined  from 

transient  characteristics  (x1  and  T  ')  denoted  the  C'  model. 

q  qo 

3.  A  mod'l  with  one  quadrature  axis  damper  winding  determined  from 

subtransient  characteristics  (x"  and  T  ")  denoted  the  C"  model. 

q  qo 

The  electromagnetic  torque  calculated  by  each  of  the  above  models  was  com¬ 
pared  for  out-of-phase  synchronization,  three  phase  faults  and  a  fast  reclos- 
Ing  sequence. 

figure  2  shows  a  typical  result  on  out-of-phase  synchronlzat Ion.  The 
machine  In  this  case  was  synchronized  directly  to  an  Infinite  bus  with  the 
machine  voltage  leading  the  bus  voltage  by  ♦120*.  Note  that  the  mar.lmum  and 
minimum  electromagnet Ic  torque  values  during  the  first  cycle  following  break¬ 
er  closing  are  13  pu  and  -2  pu  respectively.  These  first  cycle  maximum  and 
minimum  values  of  electromagnetic  torque  are  shown  for  all  three  models  com¬ 
pered  and  for  a  range  of  positive  and  negative  synchronization  angles  In 
Fig.  3.  The  C‘  and  C"  models  differ  considerably  from  the  MC  model  particu¬ 
larly  at  synchronization  angles  near  120*.  A  significant  torque  waveform 
distortion  also  occurs  with  the  C'  and  C"  models.  In  order  to  assess  the  Im¬ 
pact  of  these  discrepancies  both  in  torque  magnitude  and  waveform  shape  a 
mechanical  system  consisting  of  a  high  pressure,  Intermediate  pressure  and 
two  low  pressure  turbines  was  added  to  the  simulation.  Inertia  constants  and 
shaft  stiffness  factors  were  chosen  to  be  In  the  same  ratio  as  those  of  the 
IEEE  benchmark  model  of  Ref.  *».  Figure  4  shows  the  electromagnetic  torque 
and  shaft  torque  for  the  shaft  section  between  the  low  pressure  turbine  and 


the  generator  for  all  three  models  on  an  out-of-phase  synchronization  at 
♦120*.  The  shaft  torque  predicted  by  the  C"  model  is  approximately  501  higher 
than  that  predicted  by  the  MC  model.  Similar  discrepancies  occur  In  the  other 
shaft  sections.  When  synchronization  at  -120*  was  compared  the  C'  model  dis¬ 
played  significant  errors.  Thus  neither  the  C'  or  the  C"  model  produced  shaft 
torque  results  consistent  with  the  MC  model. 

Comparison  of  torque  waveforms  on  application  of  a  symmetrical  three 
phase  fault  revealed  waveform  distortion  predicted  by  the  C1  and  C"  models 
where  none  was  predicted  by  the  MC  model.  In  the  case  of  the  C'  model,  x^'  »• 
x'J  Implies  a  subtransient  sal  lency  which  can  yield  a  significant  second  har¬ 
monic  component  (Refs.  5  and  6). 

Fast  rectoslng  studies  were  made  comparing  the  three  mudels  using  the 
system  shown  in  Fig.  5-  The  fault  was  applied  at  the  point  shown  for  3  cycles 
then  the  faulted  line  was  opened.  Thirty  cycles  from  the  time  of  fault  Ini¬ 
tiation  the  transmission  line  was  reclosed  with  the  fault  still  present.  The 
errors  In  electromagnetic  torque  magnitudes  and  waveform  shapes  caused  signi¬ 
ficant  errors  in  the  Instantaneous  shaft  torques  particularly  on  recloslng. 

For  example  the  C"  model  predicted  a  first  cycle  peak-to-peak  shaft  torque 
between  the  low  pressure  turbine  and  the  generator  of  2.7  pu  on  reclosing 
versus  k.3  pu  for  the  MC  model. 

The  above  examples  show  that  models  with  a  single  quadrature  axis  damper 
winding  based  solely  on  either  subtransient  or  transient  characteristics  do 
not  compare  well  with  the  more  detailed  model.  They  also  show  the  critical 
nature  of  the  quadrature  axis  damper  winding  representat Ion.  In  order  to 
Investigate  these  and  other  effects  In  greater  detal lf further  Investigation 
is  planned  using  the  SIRM  described  earlier  as  a  suitably  detailed  benchmark 
model.  Specifically,  It  Is  hoped  that  It  will  be  possible  to  Identify  those 
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aspects  of  the  mode)  critical  to  the  accurate  calculation  of  transient  elec¬ 
tromagnetic  torque. 
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Figure  3  Maximum  and  minimum  first  cycle  torques  on 
out-of-phase  synchronization  for  the  three 
models. 
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Figure  A  Out-of-phase  synchronization  at 
♦120*  with  mechanical  system. 
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The  objective  of  this  paper  is  to  determine  the  behavior,  at  its 
terminals,  of  a  direct  current  electromechanical  energy  converter  includ¬ 
ing  the  effects  of  magnetic  saturation  In  the  steel  core.  Kron's  method 
is  used  to  obtain  the  equations  for  the  primitive  machine  and  the  state 
variable  approach  is  used  for  the  solution. 

The  Primitive  Machine  Equations 

The  primitive  machine  model  is  shown  in  figure  1.  It  is  an  ideal, 
smooth  rotor,  salient  pole  machine  with  two  stationary  axes;  the  direct 
axis  (d)  along  the  axis  of  the  salient  poles  and  the  quadrature  axis  (q) 
along  the  axis  of  interpolar  space.  Each  coil  on  either  axis  represents 
a  circuit  or  part  of  a  circuit  of  the  actual  machine.  The  rotor  colls 
are  designated  as  d^  and  q^.  The  stator  colls  are  designated  as  d^  and 
q^.  The  sign  convention  and  the  direction  of  rotation  are  as  given  in 
figure  1. 

The  magnetic  circuit  saturation  is  neglected  in  this  model  and  will 
be  handled  separately. 

The  Instantaneous  voltage  equations  using  Kron's  primitive  machine 
are  given  as: 
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In  equation  (2),  the  Impressed  voltages  are  equated  to  the  sum  of  th* 
resistance  drops  RI ,  the  Inductance  drops  Lpl  and  the  voltages  Induced  by 
rotation  pOGI •  They  apply  to  the  neneral  machine  model  of  Figure  (1)  with 
the  sign  conventions  and  the  direction  of  rotation  shown  and  for  the  motor 
mode  of  operation.  If  the  machine  is  a  generator,  the  Impressed  voltage 
signs  are  reversed;  that  is 

(-V)  -  ZI 
or 

V  -  (-Z)I  . 

To  determine  the  values  of  the  voltages  and  circuit  parameters  to  be 
used  in  equation  (1),  the  power  is  assumed  to  be  invariant.  The  values 
are  then  given  by  equations  (3)  and  (4),  where  the  primed  quantities 
represent  the  actual  machine  and  unprimed  represent  the  primitive  model. 
The  matrix  C  is  the  transformation  matrix. 
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V'  -  clv 

(3) 

z'  -  c^c 

(4) 

The  actual  currents  are  related  to  the  primitive  machine  currents 
by  the  equation 

1  -  Cl'  (5) 

The  impressed  voltages  of  the  primitive  machine  are  shown  to  be 
related  to  the  coil  currents  through  a  set  of  simultaneous  ordinary  dif¬ 
ferential  equations.  If  these  voltages  are  considered  as  the  inputs  to 
the  machine  and  the  currents  as  the  outputs,  the  equations  need  to  be 
solved  for  the  coil  currents.  The  actual  currents  may  then  be  found  by 
the  use  of  equation  (5). 

Tlie  electromagnetic  torque,  T  ,  may  be  found  by  the  use  of 
equation  (6) 

T  -  I'SjI'  (6) 

em 

The  State  Variable  Equation 

The  form  of  the  machine  equations  suggests  the  use  of  the  state 
variables  technique  (a  powerful  analysis  tool)  to  handle  these  equations 
and  analyze  the  machine  behavior. 

In  the  state  variables  analysis,  the  state  of  the  system  is  completely 
described  by  the  state  vector,  whose  elements  are  the  state  variables. 

The  solution  of  the  state  equation  gives  the  state  vector  at  any  time  (t) 
in  terms  of  the  system  initial  conditions  and  the  present  input  vectors. 
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From  the  state  and  the  input  vectors,  the  outputs  at  any  time  (t)  can  be 
easily  evaluated  using  the  output  equation. 

The  state  equation  derived  from  an  nth  order  ordinary  differential 
equation  or  n  simultaneous  first-order  ordinary  differential  equations 
takes  the  standard  form: 

x-Ax  +  Bu  (7) 

where : 

x  is  the  (nxl)  state  vector  x(t) . 

x  is  a  vector  whose  elements  are  the  derivatives  of  the 
corresponding  elements  of  x,  with  respect  to  the 
Independent  variable  (t). 

A  is  an  (nxn)  coefficient  matrix. 

B  is  an  (nxr)  coefficient  matrix. 

u  is  the  ( rxl )  input  vector  u(t),  where  r  is  the  niurfier 
of  inputs  to  the  system. 

The  output  vector  y(t)  is  given  by  the  output  equation: 

y  -  C  s  +  D  u  (8) 

Multiplying  equation  (2)  by  Cl  gives 

cEv  -  c1ri  +  ccLpi  +  ctpecx 
which  in  terms  of  the  actual  machine  quantities  yields 

v’  -  CtRCl'  +  C^LCpI '  CtGGpei'  . 
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K  a  constant  of  the  machine 
Tj  Is  the  load  torque 

Te(n  1b  the  electrosuignetlc  torque 

T  la  the  applied  torque 

0  Is  the  angular  displacement  of  the  rotor 

This  can  be  placed  In  the  state  variables  form  by  letting 

0,-8  (13) 

02  -  P0,  (U) 

and  hence 

p2e  -  Pe2 

Equation  (12)  may  be  rewritten  as 

»e2  -  J  *1  -  5  -  3  «i  -  T..»  <“> 

where  "  *  T  -  T 

By  use  of  equation  (13),  (14),  and  (15)  the  matrix  equation  (16) 
can  be  obtained 
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(16) 


This  Is  In  the  same  form  as  equation  (7)  with 
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and  6j  and  0^  are  the  state  variables. 

The  primitive  machine  model  of  a  simple  separately  excited  direct 
current  machine  Is  shown  In  Figure  2.  It  has  only  two  colls;  ds  to 
represent  the  field  circuit  and  qr  for  the  armature  windings. 

Hie  voltage  equations  of  this  model  can  be  developed  by  using  the 
transformation  technique  relating  the  actual  machine  model  to  Its  primi¬ 
tive  with,  C,  the  connection  matrix  here  being  a  unit  matrix  or  directly 
by  eliminating  the  rows  and  columns  of  the  colls  qs  and  dr  from  Equation 
(1). 


The  same  result  will  be  obtained  if  the  equations  are  formed  by 
Inspection  from  Figure  1. 

By  any  of  these  methods,  the  motor  voltage  equations,  with  the 
primes  eliminated,  are. 
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(17) 


In  the  state  variable  form  this  can  be  written  as: 
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From  this,  the  electromagnetic  torque  equation  is: 


If  u  is  a  zero  vector,  that  is  in  the  homogeneous  force  free 

case, 

x  •  A  * 

The  solution  of  (20)  is  given  by: 

x(t)  -  eAt  x(0) 

where 

x(0)  »  the  initial  value  vector  of  x 

eA*  *  the  state  transition  matrix. 


The  solution  of  (7)  can  be  written  as 


x(t)  ■  eA'1  *o*  x(t 


,-r , 


A(t  -  T) 


B  u(t)dt 
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Effect  of  Saturation 

In  the  general  theory  machine  equations,  the  induced  voltages  are 
considered  proportional  to  the  currents  producing  them.  This  is  an 
approximation  of  the  actual  conditions  in  practical  machines  where  this 
voltage-current  relation  is  a  nonlinear  one  characterised  by  the  familiar 
open  circuit  curve  with  Its  first  part  as  a  linear  portion  coinciding 
approximately  with  the  air-gap  line.  The  magnetic  circuit  saturation 
causes  the  curve  to  deviate  forming  a  knee  and  then  an  almost  flat 
portion. 

Saturation  effects  are  different  for  different  constants  and  types 
of  machines.  It  results  in  reducing  the  machine  inductances  from  their 
unsaturated  values  and  decreases  the  generated  voltage. 

The  reduction  in  the  field  inductance  and  induced  voltage,  may 
become  considerable  for  DC  machines  operating  on  heavy  currents. 

Several  means  have  been  used  to  handle  the  saturation  effects  by 
Introducing  adjusted,  equivalent  or  saturated  reactances  in  the  machine 
equat ions . 

In  the  steady  state  analysis,  suitably  chosen  values  of  the 
reactances  may  be  used.  For  transient  conditions,  the  continuous 
change  of  the  inductance  due  to  saturation,  has  to  be  taken  into  account 
for  better  results. 

Graphical  methods  were  studied  to  evaluate  the  saturation  effect. 
Saturation  factors  were  defined  from  the  open  circuit  characteristics 
and  applied  to  the  unsaturated  reactances  to  get  the  saturated  ones. 

Empirical  functional  relations  have  been  considered  to  represent 
the  B-H  curve,  such  as; 
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and 
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H  •  a+a.B  +  aBn  +  aBni 

o'  n  m 


(24) 


(25) 


where  the  coefficients  and  the  powers  can  be  obtained  using  graphical 
constructions  or  curve  fitting  methods. 

Another  empirical  formula  that  has  shown  a  good  fit  is  Froelich's 
equation  given  by 


li 

B  "  a  +  bH 


(26) 


When  used  to  express  the  changes  of  the  voltage  induced  by 
rotation,  or  in  effect,  give  the  proper  value  of  the  rotational 
mutual  Inductance  coefficient  M  ,  Froelich's  equation  can  be  used 
to  obtain  equation  (27). 


•j  '  ;rr^  Mjk  “V  *k  5  J  * k  <27> 

where 

e  j  *  the  voltage  induced  in  coil  J 
a  «a  chosen  constant 

i^  ■  the  current  in  coll  k  that  induces  e^  . 

'  Jk  ■  the  mutual  inductance  between  colls  J  and 
k  with  saturation  neglected. 


Example  Using  DC  Se 


Excited  Generator 

The  DC  separately  excited  generator  Is  a  simple  case  which  will 
be  used  to  illustrate  the  effect  of  saturation  in  the  steel  core.  The 
behavior  of  the  armature  and  field  currents  and  the  electromagnetic 
torque  as  functions  of  time  will  be  studied.  The  generator  will  be 
assumed  to  be  operating  at  a  constant  speed  with  a  resistive  load 
following  the  sudden  application  of  the  field  voltage.  The  values  of 
the  machine  parameters,  load  resistance,  speed,  and  field  voltage  arc 
given  In  Table  1. 

Table  1.  DC  separately  Kxclted  Machine  Data 


40 

Ohm 

0.1 

Ohm 

1.5 

Ohm 

20 

Henry 

0.05 

Henry 

0.2 

Henry 

200 

Radlans/s 

220 

volts 

15 


The  steady  state  field  and  armature  currents  and  the  electro¬ 
magnetic  torque  are  obtained  respectively  with: 

r  *  “(1.5  +  0.1)  ”  -1.6  ohms 

«ir 

*ds  •  5.5  Amperes 

i  _  ■  137.5  Amperes 

qr  T 

T  ■  151.25  Newton-Meter 

ca 

The  complete  response  is  as  shown  in  figures  3,  4,  and  5. 
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Conclusion 

Although  the  only  machine  considered  here  Is  the  d.c.  machine,  the 
method  and  computer  program  described  can  be  used  on  roost  electro¬ 
mechanical  machines. 

The  state  equations  are  easily  obtainable  In  forms  that  can  be 
directly  applied  to  solve  machine  problems  in  the  eteady-state,  transient, 
and  dynamic  conditions.  The  solution  of  the  state  equations  using  the 
state  transition  matrix  evaluated  by  series  expansion  Is  easily  pro- 
gramable  on  the  digital  computer.  The  limitations  are  those  which 
arise  from  neglecting  the  effects  of  such  things  as  space  harmonics, 
flux  leakages,  and  magnetic  saturation.  These  can  be  partially  Included 
as  specific  refinements  as  was  done  here  with  the  consideration  of  the 
effect  of  magnetic  saturation. 
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Figure  U 


DC  Machine — Electromagnetic  Torque 

(1)  Saturation  neglected 

(2)  Saturation  considered 
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Int  roduct ion 

Electric  power  engineering  education  at  both  the  undergrad¬ 
uate  and  graduate  level  is  a  major  interest  of  the  Department 
of  Electrical  Engineering  at  UMC.  Research  programs  on  power 
electronics,  rotating  machinery,  hybrid  simulation  of  large 
power  systems  and  new  modelling  techniques  provide  unique  educa¬ 
tional  opportunities  for  interested  students.  Three  of  the 
major  research  efforts  presently  underway  are  summarized  in  the 
following  remarks. 

So  1 i d  State  Power  Control  Program 

The  principal  objective  of  this  Program  is  to  motivate 
talented  students  to  do  applied  research  in  this  field.  In 
general,  the  work  performed  involves  the  analysis,  design,  con¬ 
struction  and/or  evaluation  of  breadboard  model  power  control 
circuits  involving  thyristors,  power  transistors  and  related 
semiconductor  devices.  Experience  on  real  engineering  problems 
suggested  by  one  or  more  sponsors  is  provided  for  both  under¬ 
graduate  and  graduate  students.  The  central  thrust  of  the  progr 
is  M.S.  level  research.  A  very  important  additional  objective 
is  to  provide  useful  technical  results  that  are  disseminated  to 
the  sponsors  in  annual  technical  reports  and  project  review 
seminars . 

At  present,  research  is  being  done  on  each  of  the  follow¬ 
ing  : 

Optimal  Control  of  Variable  Frequency  Induction 
motors 


Microcomputer  controlled  Transistor  Inverter 
Induction  Motor  Drives 

Power  Electronic  Circuit  Analysis  Techniques 

Microcomputer  Control  of  Cycloconverters 

Two  Cylinder  Switching  Regulator  for  250V  to 
12V  DC  Converter 

The  goals  of  this  work  are  to  improve  the  understanding  of 
power  electronic  circuits  and  to  devise  new  and  improved  circuits 
for  electric  power  conversion  and  control  using  modern  power 
semiconductor  devices. 

The  SSPC  Program  is  jointly  sponsored  by  several  industries. 
During  1976-1977,  the  sponsors  were  Delco  Electronics,  G2rrett- 
Airesearch,  General  Electric,  Gould,  International  Rectifier 
and  Reliance  Electric.  Dr.  Richard  G.  Hoft  is  the  project 
director  and  Dr.  James  E.  Rathke  is  the  associate  project 
director  for  this  program. 

In  support  of  the  program,  a  two  semester  sequence  of  courses 
in  power  electronics  is  offered.  These  are  complemented  by  a 
number  of  undergraduate  and  graduate  level  courses  in  rotating 
machinery  and  automatic  control. 

Thyristor  System  Simulator 

The  simulator  is  being  designed  and  constructed  on  an  NSF 
Research  Equipment  Grant  ENG77- 17185.  Dr.  Richard  G.  Hoft  is 
the  principal  investigator  and  Dr.  Robert  K.  McLaren  and  Dr. 
Charles  Slivinsky  arc  co-principal  investigators. 

The  goal  of  this  work  is  to  develop  a  Thyristor  System 
Simulator  for  studying  the  dynamic  performance  of  solid-state 
power  electronic  systems  of  the  type  now  in  use  for  a  wide  range 
of  applications,  including  electric  vehicles,  ac  motor  drives, 
and  high-voltage  direct  current  transmission.  The  proposed 
Simulator  is  to  consist  of  a  digital  control  section  based  on 
a  standard  real-time  microcomputer  development  facility  and 
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modular  assemblies  of  actual  thyristor  equipment  with  their  asso¬ 
ciated  gating  amplifiers,  buffers,  and  sensing  circuits. 

rhe  Simulator  will  allow 

(1)  verification  of  analysis  techniques  for 
practical  thyristor  systems 

(2)  investigation  of  aspects  of  system  performance 
that  are  impractical  to  model  analytically 

1 3 )  evaluation  of  new  approaches  for  system 
cont  ro 1 

(4)  feasibility  studies  on  the  use  of  micro¬ 
computer  controls. 

A  DliCLAB  1*1)1*  1 1/03  microcomputer  system  provides  the  digital 
control  capability.  Several  commercial  thyristor  equipments 
including  a  SOUP  full  reversing  dc  motor  drive  and  a  variable 
frequency  thyristor  inverter  will  provide  the  thyristor  hard¬ 
ware  section  of  the-  simulator.  In  addition,  work  is  now  under¬ 
way  to  develop  the  electronic  interface  which  will  permit  the 
computer  logic  level  signals  to  control  the  thyristor  power 
equipment.  The  Thyristor  System  Simulator  will  provide  a  most 
valuable  research  tool  for  research  on  power  electronic  circuit 
analysis,  control  of  rotating  machines,  adaptive  control  tech¬ 
niques,  digital  signal  processing  and  microprocessor  applications. 

Hybrid  Sinulat ion  of  large  Power  Systems 

i 

v 

This  work  is  being  carried  on  by  the  digital  power  research 
group  within  the  Department  of  ilectrical  Engineering.  It 
involves  a  combined  effort  of  faculty  and  students  interested 
in  power  and  digital  systems  working  under  the  direction  of 
Dr.  Lewis  N.  Walker  and  Dr.  dames  R.  Tudor.  The  work  is  currently 
sponsored  by  EPRI ,  several  electric  utilities  and  NSP. 

One  of  the  most  interesting  projects  in  this  area  has  been 
the  development  of  a  faster- 1 han- real - 1 ime  hybrid  simulator  for 
study  of  long  term  power  system  dynamics.  The  power  systems  arc 
simulated  in  analog  fashion.  Approximately  4000  operational 
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amplifiers,  3000  additional  IC  components  and  a  large  amount  of 
associated  special  purpose  electronics,  all  controlled  from  a 
powerful  minicomputer,  are  included  in  the  simulator.  It 
permits  the  simulation  of  a  system  with  16  machines  and  68 
busses.  The  simulator  operates  three  times  faster  than  real 
time  and  it  has  been  operated  for  twenty  minutes. 

This  simulator  provides  a  powerful  facility  for  dynamic 
studies  of  large  power  systems.  The  availability  of  low  cost 
operational  amplifiers,  a  wide  range  of  digital  IC  components 
and  powerful  minicomputers  made  it  possible  to  produce  this 
extremely  flexible  and  powerful  hybrid  simulator. 
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